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ES.1. Background

The Strategic Plan for the U.S. Climate Change Scid¢thragram(CCSP 2003) noted
that “sound, comprehensive emissions scenariosssential for comparative analysis of
how climate might change in the future, as wellasanalyses of mitigation and
adaptation options.” Thelanincluded Product 2.1, which consists of two parts:
Scenarios of Greenhouse Gas Emissions and Atmas@@ncentration@ndReview of
Integrated Scenario Development and Applicatidimis report presents the results from
the scenario development component; the reviewaiaio methods is the subject of a
separate report. Guidelines for producing theseatios were set forth in a Prospectus
(CCSP 2005), which specified that the new scendoiass on alternative levels of
atmospheric stabilization of the radiative forcingm the combined effects of a suite of
the main anthropogenic greenhouse gases (GHG® Pildspectus also set forth criteria
for the analytical facilities to be used in the lstass, and the results from three models
that met these conditions, and that were usedwveldie the new scenarios, are reported
here.

The scenarios in this report are intended as omeamiy inputs to public and private
discussions regarding the threat of climate chamgewhat to do about it, and they may
also serve as a point of departure for further C@sdPother analyses that might inform
these discussions in the future. The possible ugdl®ese scenarios are many and
diverse. They include climate modelers and thensei&ommunity; those involved in
national public policy formulation; managers of Eeal research programs; state and
local government officials who face decisions timéght be affected by climate change
and mitigation measures; and individual firms, fayeind members of the public. Such a
varied clientele implies an equally diverse sgpadsible needs, and no single scenario
exercise can hope to fully satisfy all of thesedsee
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Each of the three participating analytical modedswsed to develop a “no climate
policy” or reference scenario to serve as basétineomparing the scenarios with
emissions control, and then each model was apfdied exploration of emissions
pathways that led to stabilization of radiativecfag at four alternative levels. Results of
these calculations were selected to provide insightquestions such as the following:

* Emissions trajectoriedNhat emissions trajectories over time are coastsith
meeting the four stabilization levels? What aeekby factors that shape the
emissions trajectories that lead toward stabilirégi

* Energy system&Vhat energy system characteristics are consistigmteach of
the four stabilization levels? How might theserekteristics differ among
stabilization levels?

» Economic implicationsWhat are the possible economic implications oéting
each of the four stabilization levels?

Although each of the models simulates the world ast of interconnected nations and
multi-nation regions, as specified in the Prospgdite results in this report focus on the
U.S. and world totals.

With the exception of the stabilization targetstiselves and a common hypothesis
about international burden-sharing, there was necticoordination among the modeling
groups either in the assumptions underlying th@aolczy reference or the precise path to
stabilization. Furthermore, the scenarios weredesigned to span the full range of
possible futures and no explicit uncertainty analygs called for. Nonetheless, the
results among the three models do vary, a reflecifdahe uncertainty that attends
projections many decades into the future.

This report should in no way be perceived as a desnefit analysis of climate
policy. The focus is exclusively on the nature aodssts of the mitigation required to
meet various stabilization levels. No attempt haeb made to assess the damages
avoided by adopting a particular stabilization lewe ancillary benefits that may be
realized (e.g., in air pollution reduction). Althagh the information contained in the
report should provide a useful input to policy deérations, it provides an
incomplete guide to decisions on particular poliayeasures.

A scenario exercise such as this continues aiwadif research and analysis that has
gone on for over 20 years. This work will necedg#e continued and refined as the
field advances, new information becomes availadte, decision-makers raise new
guestions and issues. Similar work is conductethbgleling teams in Europe and Asia.
The scenarios developed here add to this larger bbsicholarship and should be viewed
as one additional piece of information in an ongand iterative process of scenario
development.
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ES.2. Models Used in the Scenario Exercise

The Prospectus set out the following criteria fartigipating models: they must (1) be
global in scale, (2) be capable of producing glaraissions totals for designated GHGs,
(3) represent multiple regions, (4) be capabldaratifating the radiative forcing from
these GHGs and substances, (5) have technologs@ution capable of distinguishing
among major sources of primary energy (e.g., rebn@nergy, nuclear energy,
biomass, oil, coal, and natural gas) as well aséat fossil fuel technologies with and
without carbon capture and storage systems, (écbromics-based and capable of
simulating macroeconomic cost implications of dtahiion, and (7) look forward at least
to the end of the twenty-first century. In additionodeling teams were required to have
a track record of publications in professionalere&d journals, specifically in the use of
their models for the analysis of long-term GHG esiuis scenarios.

Application of these criteria led to the selectafrihree models:

* The Integrated Global Systems Model (IGSM) of thaskbachusetts Institute of
Technology’s Joint Program on the Science and Policlobal Change

* The MiniCAM Model of the Joint Global Change Reséainstitute, which is a
partnership between the Pacific Northwest Natiddloratory and the
University of Maryland

* The Model for Evaluating the Regional and GlobdkEtis (MERGE) of GHG
reduction policies developed jointly at Stanfordivénsity and the Electric Power
Research Institute.

Each of these models has been used extensivetyifoate change analysis. The roots of
each extend back more than a decade, during winighféatures and details have been
refined, modified and added. Results of each lagypeared widely in peer-reviewed
publications.

ES.3. Approach

As directed by the Prospectus, a total of 15 sépaeenarios were developed, 5 from
each of the three modeling teams. First, refereneaarios were developed on the
assumption that no climate policy would be impletadrbeyond the set of policies
currently in place (e.g., the Kyoto Protocol and thS. carbon intensity target, each
terminating in 2012 because targets beyond thatltate not been identified). Each
modeling team developed its own reference scen@hie.Prospectus required only that
each scenario be based on assumptions believédet Ipatticipating modeling teams to
be “meaningful” and “plausible.” Each of the thre¢erence scenarios provided a
different view of how the future might unfold withbadditional climate policies.

Each team then produced four stabilization scesdrjoconstraining the models to
achieve four alternative radiative forcing targeBtabilization was defined in terms of
the total long-term radiative impact of a suiteGHGs including carbon dioxide (G
nitrous oxide (NO), methane (Ckj, hydrofluorocarbons (HFCs), perfluorocarbons
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(PFCs), and sulfur hexafluoride (§F These are the gases enumerated in the U.Stgyoal
reduce the intensity of GHG emissions relative RRGas well as the Kyoto Protocol.
Other substances with radiative impact, such agaises controlled under the Montreal
Protocol, carbon monoxide (CO), ozong)@nd aerosols were not included in the
scenario design.

The four stabilization scenarios were developethabthe increased radiative forcing
from these gases was constrained to no more tawar’ for Level 1, 4.7 W/rhfor
Level 2, 5.8 W/rifor Level 3, and 6.7 W/fifor Level 4. These levels were defined as
increases above the preindustrial level, so thelyite the roughly 2.2 W/frincrease

that had already occurred as of the year 2000.T&ble ES.1.

Table ES.1: Greenhouse gas concentrations & fgrclihe change in concentration levels jor
the gases of interest from 1750 to the presentlandstimated increase in radiative
forcing.
Increased
Preindustrial Current Concentration Forcing wW/m?
Concentration (1750) (2000) (1750-2000)
CO2 280 ppmv 369 ppmv 1.52
CH4 700 ppbv 1760 ppbv 0.517
N20 270 ppbv 316 ppbv 0.153
HFCs 0 various 0.005
PFCs 0 various 0.014
SF6 0 4 ppt 0.0025
Total -- 2.2

These levels were chosen so that the associate@@©entrations, accounting for
radiative forcing from the non-GasHGs, would be roughly 450 ppmv, 550 ppmv, 650
ppmv, and 750 ppmv. These are reab@€@ncentrations; they are not €équivalent
concentrations. These GQ@oncentrations are approximate targets that wezd as a
guide to develop the radiative forcing stabilizatlevels. The C@concentrations in the
scenarios do not exactly match these approximegets and the C{roncentrations
among models differ because the models differ ety that they treat emissions of
greenhouse gases, possibilities for emissions tiese and tradeoffs between
reductions among gase3ee Table ES.2.

Monday, November 13, 2006

ES-4



U WNE

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

CCSP Product 2.1, Part A CPDAC Draft V2

Table ES.2: Radiative Forcing Stabilization Level§Wm™) and Approximate CO,
Concentrations (ppmv).The radiative forcing limits were constructed sattthe CQ
concentrations resulting from stabilization of tetadiative forcing, after accounting for
radiative forcing from the non-GasHGs, would be roughly 450 ppmv, 550 ppmv, 650
ppmv, and 750 ppmv.

Approximate
Contribution to | Approximate
Radiative Radiative Contribution  Corresponding
Forcing Limit Forcing from to Radiative CO,
from Study non-CO, Forcing from  Concentration
Gases (W/m?) | Gases (W/m?) | CO, (W/m? (ppmv)
Level 1 3.4 0.8 2.6 450
Level 2 4.7 1.0 3.7 550
Level 3 5.8 1.3 4.5 650
Level 4 6.7 14 5.3 750
Actual Year 2000 2.2 0.7 15 370
Actual Pre-Industrial 0 0 0 275

ES.4. Results

Findings are summarized first for the no climatéqyoor reference scenarios, and then
for the twelve stabilization scenarios, one fromhemodel for the four stabilization
levels.

ES.4.1. Reference Scenarios

The difficulty in achieving any specified level afmospheric stabilization depends
heavily on the emissions that would occur absetr@e to address greenhouse gas
emissions. In other words, the reference stronglyénces the stabilization cases. If the
reference case has cheap fossil fuels and highoetorgrowth, then dramatic changes to
the energy sector and other parts of the econonphbmaequired to stabilize the
atmosphere. On the other hand, if the referense slhows lower growth and emissions,
and perhaps increased exploitation of non-fossit@es even in the absence of climate
policy, then the effort will not be as great.

Energy production, transformation, and consumpdiencentral features in all of these
scenarios, although non-G@ases and changes in land use also make a sagific
contribution to net emissions. Demand for enenggr dhe coming century will be driven
by economic growth but will also be strongly infheed by the way that energy systems
respond to depletion of resources, changes ingraoed improvements in technology.
The projected demand for energy in developed cmstemains strong in all scenarios
but is even stronger in developing countries, wineitkons of people seek greater access
to commercial energy. These developments stranflyence the emissions of GHGs,
their disposition, and the resulting change inatide forcing under reference conditions.
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The three reference scenarios show the implicabétisis increasing demand and the
improved access to energy, with the ranges refigd¢he variation in results from the
different models. Figures ES.1-4 summarize thelte$or primary energy production
both globally and for the U.S. Results are preskfdethe entire energy sector as well as
for the electric sector. Although the electric secs but one of the major sources of
GHG emissions, it is highlighted here because i oféer an increasing part of the
solution for meeting a particular stabilizationgeair over the long-term.

Insert Figure ES.1-4 as four separate pages

Global primary energy production rises substartiallall three reference scenarios, from
about 400 EJ/y in 2000 to between roughly 12751560 EJ/y in 2100. U.S. primary
energy production also grows substantially, abdutd 2% times present levels by 2100.
This growth occurs despite continued improvementbe efficiency of energy use and
energy production technologies. For example, ti$ Bnergy intensity declines 60% to
75% between 2000 and 2100 across the three reteseeoarios.

All three reference scenarios include a gradualcetan in the dependence on
conventional oil resources. However, in all threference scenarios, a range of
alternative fossil-based resources, such as synfiuels from coal and unconventional
oil resources (e.g., tar sands, oil shales) ardadl@ and become economically viable.
Fossil fuels provide almost 90% of global energypy in the year 2000, and they
remain the dominant energy source in the threeeebe scenarios throughout the
twenty-first century, supplying 70% to 80% of topaimary energy in 2100.

Non-fossil fuel energy use also grows over thewsnin all three reference scenarios.
Contributions in 2100 range from 250 EJ to 450 Eétwken roughly half to one and
one half times total global energy consumption yodaespite this growth, these sources
never supplant fossil fuels, although they pro\adencreasing share of the total,
particularly in the second half of the century.

Consistent with the characteristics of primary ggeglobal and U.S. electricity
production shows continued reliance on coal althdihgs contribution varies among the
reference scenarios. The contribution of renevgbie nuclear energy varies
considerably in the different reference cases, nidipg on resource availability,
technology, and non-climate policy consideratioRer example, global nuclear
generation in the reference scenarios ranges fromcaease of around 50% over current
levels, if political considerations constrain it®gth as is the case in one reference
scenario, to an expansion of almost an order ofnmade assuming economically driven
growth otherwise unconstrained.

In the reference case, oil and natural gas prisesiirough the century relative to year
2000 levels whereas coal and electricity pricegangected to remain relatively stable.

It should be emphasized, however, that the modsdd in the exercise were not designed
to project short-term fuel price spikes, such asé¢hthat occurred in the 1970s and early
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1980s, and more recently in 2005. Thus, the ptegeprice trends should be interpreted
as multi-year averages.

As a combined result of all these influences, eimmssof CQ from fossil fuel

combustion and industrial processes increase frgproaimately 7 GtC/y in 2000 to
between 22.5 and 24 GtCly in 2100; that is, froreeho three and one-half times current
levels. See Figure ES.5.

Insert Figure ES.5.

It is instructive to see how emissions are dividetiveen industrialized countries (Annex
1) and developing countries (Non-Annex1). Figureéehows that developing country
emissions overtake those of developed countriegati@re in the 2020 to 2030
timeframe in the reference scenarios. This suggestdifficulty of stabilizing radiative
forcing without developing country participationdeed, even if developed countries
were to reduce their emissions to zero, globallireraent will still be necessary for
stabilization.

Insert Figure ES.6.

The ocean is a major sink for @@at generally increases as concentrations ridg iea
the century. However, processes in the oceanloantkis rate of increase at high
concentrations late in the century. The scendra& ocean uptake in the range of 2
GtCly in 2000, rising to about 5 to 11 GtC/y by @1The three ocean models behave
more similarly in the stabilization scenarios.

Two of the three models include a sub-model ofetk&hange of COwith the terrestrial
biosphere, including the net uptake by plants anld and the emissions from
deforestation, which is modeled as a small anneiasimk (less than 1 Gt of carbon) in
2000, increasing to an annual net sink of 2 to G/%by the end of the century. The
third model assumes a zero net exchange. Inmpadeled changes reflect human
activity (including a decline in deforestation)dain part it is the result of increased
uptake by vegetation largely due to the positifeatfof CQ on plant growth. There
remains substantial uncertainty about this carleatilization effect and land-use change
and their evolution under a changing climate.

Although this Executive Summary tends to focushmnrhost important anthropogenic
greenhouse gas, GQhe models include a number of other greenhoasesy—CH,

N2O Sk, PFCs, and HFCs—which are emitted from variouscesuincluding
agriculture, waste management, biomass burningil fiel production and
consumption, and a number of industrial activitlesture global anthropogenic
emissions of Ckland NO vary widely among the reference scenarios, ranfyjom flat
or declining emissions to increases of 2 to 2% dipresent levels. These differences
reflect alternative views of technological oppoities and different assumptions about
whether current emissions rates will be reducedifsogntly for non-climate reasons,
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such as air pollution control and/or higher natgas prices that would further stimulate
the capture of ClHemissions for its fuel value.

Increases in emissions from the global energy systed other human activities lead to
higher atmospheric concentrations and radiativeirigr This increase is moderated by
natural biogeochemical removal processes. Asulty€3HG concentrations rise
substantially over the century in the referenceades. By 2100, C&©concentrations
range from about 700 to 900 ppmv, up from 370 pp@000. Projected CH
concentrations range from 2000 to 4000 ppbv, umft@50 ppb in 2000; projected®
concentrations range from about 375 to 500 ppb¥ram about 320 ppbv in 2000.

As a result, radiative forcing in 2100 ranges frésh to 8.6 W/ relative to preindustrial
levels. The non-COGHGs account for about 20 to 25% of the forcinthatend of the
century. See Figure ES.7.

Insert Figure ES. 7.
ES.4.2. Stabilization Scenarios

Important assumptions underlying the stabilizagoanarios include the flexibility that
exists in a policy design, and as representedamtbdel simulation, to seek out least cost
abatement options regardless of where they ocdwat substances are abated, or when
they occur. It is a set of conditions referred$dahere”, “what”, and “when” flexibility.
Equal marginal costs of abatement among regiomgssaitime (taking into account
discount rates and the lifetimes of substances)aamong substances (taking into
account their relative warming potential and difetrlifetimes) will under special
circumstances lead to least cost abatement. Eadelrapplied an economic instrument
that priced GHGs in a manner consistent with timarpretation of “where,” “what” and
“when” flexibility. The economic results thus assela policy designed with the intent
of achieving the required reductions in GHG emissim a least-cost way. Key
implications of these assumptions are that: (1nations proceed together in restricting
GHG emissions from 2012 and continue together tiitout the century, and that the
same marginal cost is applied across sectors (‘®VHlxibility), (2) the marginal cost of
abatement rises over time reflecting differentriptetations and approaches among the
modeling teams of “when” flexibility, and (3) thadiative forcing targets were achieved
by combining control of all greenhouse gases — diffierences, again, in how modeling
teams compared them and assessed the implicafiénbat” flexibility.

Although these assumptions are convenient for sinalypurposes, to gain an impression
of the implications of stabilization, they are itiead versions of possible outcomes. For
the resulting abatement costs to be realistic @séisnof actual abatement costs would
require, among other things, that a negotiatednatenal agreement include these
features. Failure in that regard would have atsuibisl effect on the difficulty of
achieving any of the targets studidebr examplea delay of many years in the
participation of some large countries would reqgireater effort by the others, and
policies that impose differential burdens on digigrsectors can result in a many-fold
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increase in the cost of any environmental gaineré&tore /f /s important to view these
result as scenarios under specified conditions, astforecasts of the most likely
outcome within the national and international polital systemFurther, none of the
scenarios considered the extent to which varidtimm these least cost rules might be
improved on given interactions with existing taxieshnology spillovers, or other non-
market externalities.

If the developments projected in these refereneaatos were to occur, concerted
efforts to reduce GHG emissions would be requiceshéet the stabilization targets
analyzed here. Such limits would shape technottEptoyment throughout the century
and have important economic consequences. Tharsagmemonstrate that there is no
single technology pathway consistent with a givarel of radiative forcing; furthermore,
there are other possible pathways than are modelbds exercise. Nevertheless, some
general conclusions are possible as reflectedeiigcussion below.

Stabilization of radiative forcing at the levelsaexined in this study would require a
substantially different energy system globally, amthe U.S., than what emerges in the
reference scenarios. The degree and timing ofgehanthe global energy system
depends on the level at which radiative forcingtédilized. See Figures ES.8 and ES.9.

Insert Figures ES.8 and ES.9.

Across the stabilization scenarios, the energyesyselies more heavily on non-fossil
energy sources, such as nuclear, solar, wind, lEsnad other renewable energy forms
than in the associated reference scenarios. Thelmdifer in the degree to which these
technologies are deployed, depending on assumplomst technological improvements,
the ability to overcome obstacles such as inteemdy, and the policy environment
surrounding them, for example, the acceptabilitpatlear power. Importantly, end-use
energy consumption is lower across the stabilinagimenarios.

Carbon dioxide capture and storage is widely degaldyecause each model assumes that
the technology can be successfully developed aatcctincerns about storing large
amounts of carbon do not impede its deploymenmd&l of this assumption would
make the stabilization levels more difficult to sare and would lead to greater demand
for low-carbon sources such as renewable energyifamat restrained for reasons of
safety and proliferation concerns, nuclear power.

Significant fossil fuel use continues across tlaitization scenarios, both because
stabilization allows for some level of carbon enass in 2100 depending on the
stabilization level and because of the presenedl the stabilization scenarios of carbon
dioxide capture and storage technology.

Increased use is made of biomass energy crops veoosebution is ultimately limited
by competition with agriculture and forestry. Qnedel examined the importance of
valuing terrestrial carbon similarly to the wayddgsuel carbon is valued in stabilization
scenarios. It found that in stabilization scerammportant interactions between large-
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scale deployment of commercial bioenergy cropsland use occurred to the detriment
of unmanaged ecosystems when no economic valuplaeesd on terrestrial carbon.

The lower the radiative forcing stabilization levisle larger the scale of change in the
global energy system, relative to the referenceaie, required over the coming century
and the sooner those changes would need to oceeif-igure ES.10.

Insert Figure ES.10.

Across the stabilization scenarios, the scale @kthissions reductions required relative
to the reference scenario increases over time.blihkeof emissions reductions take
place in the second half of the century in allgtabilization scenarios. But emissions
reductions occurred in all models in the first tadlthe century in every stabilization
scenario.

The 2100 time horizon of the study limited examimrabf the ultimate requirements of
stabilization. However, atmospheric stabilizatid@mmay of the levels studied requires
human emissions of GGn the very long run to be essentially haltedgdtber because,
despite the fact that much of the carbon emissoh&ventually find its way into oceans
and terrestrial sinks, some will remain in the atpieere for thousands of years. Only
capture and storage of G©@ould allow continued burning of fossil fuels. gHer

radiative forcing limits can delay this requireméetond the year 2100 horizon, but
further reductions after 2100 would be requiredny of the cases studied here.

Fuel sources and electricity generation technotogiange substantially, both globally
and in the U.S., under stabilization scenarios ameqbto the reference scenarios. There
are a variety of technological options in the eleity sector that reduce carbon
emissions in these scenarios. See Figures ES.1E&4@.

By the end of the century, electricity producedcbpventional fossil technology that
freely emits CQ is reduced in the stabilization scenarios relativeeference scenario
levels. The level of production from these sounases substantially with the
stabilization level; in the lowest stabilizatiorvé, production from these sources is
reduced toward zero.

The economic effects of stabilization could be saigal although much of this cost is
borne later in the century if the mitigation pa#issumed in these scenarios are followed.
As noted earlier, each of the modeling teams asduha a global policy was
implemented beginning after 2012, with universatipgpation by the world’s nations,

and that the time path of reductions approximatkegst cost solution. These
assumptions of “where”, “when”, and “what” flexiky lower the economic
consequences of stabilization relative to what timégght be with other implementation
approaches:
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Table ES.3: Carbon Prices at various Points in Timéor the Stabilization Scenarios

2020 ($/tonne C) 2030 ($/tonne C)
Stabilization
Level IGSM MERGE | MiniCAM IGSM MERGE | MiniCAM
Level 4 $18 $1 $1 $26 $2 $2
Level 3 $30 $2 $4 $44 $4 $7
Level 2 $75 $8 $15 $112 $13 $26
Level 1 $259 $110 $93 $384 $191 $170
2050 ($/tonne C) 2100 ($/tonne C)
Stabilization
Level IGSM MERGE | MiniCAM IGSM MERGE | MiniCAM
Level 4 $58 $6 $5 $415 $67 $54
Level 3 $97 $11 $19 $686 $127 $221
Level 2 $245 $36 $69 $1,743 $466 $420
Level 1 $842 $574 $466 $6,053 $609 $635

Across the stabilization scenarios, the carboregotiows a pattern that, in most cases,
gradually rises over time as shown in Table E®yiding an opportunity for the
energy system to change gradually. Two of the nscgleow prices of $10 or below per
ton of carbon in 2020 for the less stringent casith, their prices rising to roughly $100
per ton in 2020 for the most stringent stabilizatievel. A third model shows higher
initial carbon prices in 2020, ranging from aro &0 for the least stringent stabilization
level to over $250 for the most stringent stabilaalevel.

Although the general shape of the carbon valuedtary is similar across the models,
the specific carbon prices required vary substhiyfiar reasons that reflect the
underlying uncertainty about the effort that wobh&required. Differences in cumulative
emissions over the century and models in assungp#ébout the cost and performance of
future technologies, especially in the second tialhe century, are major contributors to

these differences. Other aspects of the modelipgoaghes also contribute to the inter-
model variation.

These differences in carbon prices and other mfedélires lead to a wide range of the
cost of the various stabilization targets. Fomepgke, in the most stringent scenarios,
estimates of the reduction in Gross World Prodaggegating country figures using
market exchange rates) in mid-century range framaraat 2% in two of the models to
approximately 5% in the third, and in 2100 fronmslésan 2% in two of the models to
16% in the third. This difference among modela moduct of the variation in model
structure, technology assumptions, and referenee assumptions noted earlier. This
discussion is reflected in Figure ES.13 which shtiesrelationship between carbon
price and abatement for the three models in 208400 for the various stabilization
levels.

Insert Figure ES.13.
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AS noted earlier, the overall cost levels are stgoninfluenced by the idealized
policy scenario that has all countries participagrfrom the start, the assumption of
“‘where” flexibility, an efficient pattern of emisgins reductions over time, and
integrated reductions in emissions of the differeBiHGs. Less efficient assumptions
regarding these conditions would lead to higher tod hus, these scenarios should
not be interpreted as applying beyond the partiauéanditions assumed.

Such carbon constraints would also affect fuelgzicGenerally, the producer price for
fossil fuels falls as demand for them is depre$sethe stabilization measures. Users of
fossil fuels, on the other hand, pay for the fuakga carbon price if the G@missions
were freely released to the atmosphere, so constwses of energy rise with more
stringent stabilization targets.

Table ES.4. Relationship Between a $100/ton Carbdrax and Fuel Prices

Base Cost Added Cost| Added Cost
Fuel ($2005) ($) (%)

Crude Oil ($/bbl) $60.0 $12.2 20%
Regular Gasoline ($/g4| $2.39 $0.26 11%
Heating Oil ($/gal) $2.34 $0.29 12%
Wellhead Natural Gas ($/tc $10.17 $1.49 15%
Residential Natural Gas ($/to $15.30 $1.50 10%
Utility Coal ($/short ton) $32.6 $55.3 170%
Electricity (c/kWh) 9.6 1.76 18%

Source: Bradley et al. (1991), updated with US'age prices for the™4quarter of 2005
as reported by US DOE, EIA, Short-Term Energy andt® Fuels Outlook October
10th, 2006 Release

Non-C(Q, gases play an important role in shaping the degfrebange in the energy
system. Scenarios that assume relatively bettéonpgance of non-C@emissions
mitigating technologies allow greater forcing fr&, to meet a given radiative forcing
limit and, all other things being equal, less egie@ changes to the energy system.
Differences in the gas concentrations among theethrodels reflect differences in
assumed mitigation opportunities for non-ZC&EHGSs relative to C@ For example, lower
CH4 and NO emissions exhibited by one of the models reflagggseater market
penetration of technologies that reduce,@Hd NO emissions with positive profits even
in the reference scenario, and significant abatémehe stabilization scenarios. With
lower levels of CH and NO than is the case with the other two models, hithhesls of
CO;, are still consistent with the overall radiativediog targets. See Figure ES. 14.

Insert Figure ES.14.
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Achieving stabilization of atmospheric GHGs poseasilastantial technological and
policy challenge for the world. It would requireportant transformations of the global
energy system. Assessments of the cost and fiigsithisuch a goal depends
importantly on judgments about how technology eiblve to improve costs and
performance and overcome existing limits and begi@ adoption and on the efficiency
and effectiveness of the policy instruments forieahg stabilization. These scenarios
provide a means to gain insights into the challesfgaabilization and the implications of
technology.

ES.5. Using the Scenarios and Future Work

The scenarios in this report are intended as omeamiy inputs to public and private
discussions regarding the threat of climate chamgewhat to do about it. They are also
intended to serve as a point of departure for &irf@CSP and other analyses that might
inform these discussions in the future. A rangsuah analyses are possible. For
example, they could be applied as the basis fasagsy the climate implications of
alternative stabilization levels. They might alsoused in studies exploring possible
technology cost and performance goals, using indtion from the scenarios on energy
prices and technology deployment levels. Similatg scenarios might inform analyses
of the non-climate environmental implications opilementing potential new energy
sources at a large scale. Another possibilityas$ the scenarios could serve as an input to
a more complete analysis of the welfare effecthefdifferent stabilization targets, such
as indicators of consumer impact in the U.S. (Hasler is reminded, however, that these
effects do not include the benefits that alterreasitabilization levels might yield in
reduced climate change risk or ancillary effeatshsas effects on air pollutipriThe
scenarios could also be compared against pasuane fscenarios analyses.

The scenarios in this report represent but oneistagong process of research and
assessment, and the scenarios and their underhodgls will benefit from further work.
The review process has identified at least fivéed#nt areas that hold the promise of
potentially fruitful research: (1) technology seiv#y analysis, (2) consideration of non-
idealized policy architectures, (3) expansion androvement of the land use and
terrestrial carbon cycle linkages to the energyeswhomic model components, (4)
inclusion of other radiatively-important substansash as emissions affecting
tropospheric ozone and aerosols, and (5) decisaking under uncertainty. These needs
for additional research and analysis are elaborat€hapter 5.

ES.6. References

CCSP [Climate Change Science Program]. 2003 (uddatly 2004) Strategic Plan for
the U.S. Climate Change Science Program
http://www.climatescience.gov/Library/stratplan2@io@al/default.htm

CCSP [Climate Change Science Program]. 260%al Prospectus for synthesis and
assessment product 2Http://www.climatescience.gov/Library/sap/sapgap?2-
1Prospectus-final.htm
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Figure ES.1: Global primary energy consumption (Elyr): Global primary energy consumption rises in alééreference scenarios,

from about 400 EJ/y in 2000 to between betweenhiyutR75 EJ/y to 1500 EJ/y in 2100. There is a gahdeduction in the dependence on
conventional oil resources. However, a rangetefiahtive fossil-based resources, such as syntiuetie from coal and unconventional oil
resources (e.g., tar sands, oil shales) are ala#aig become economically viable. Fossil fuets/joled almost 90% of global energy supply
in the year 2000, and they remain the dominantggngsurce in the three reference scenarios thrattghe twenty-first century, supplying
70% to 80% of total primary energy in 2100. Nonsfb&uel energy use grows over the century infaiéé reference scenarios. The range of
contributions in 2100 is from 250 EJ/y to 450 EJ/®setween roughly half and one and one half timeballenergy consumption today.

IGSM MERGE MiniCAM

1,600 1,600 1,600
Non-Biomass Renewables Non-Biomass Renewables Non-Biomass Renewables

1,400 A Nuclear 1,400 - Nuclear 1,400 4 Nuclear
B Commercial Biomass B Commercial Biomass

m Commercial Biomass
1,200 -

1,200 H Coal

1,000 Natural Gas

+ IIII

H Coal 1200 H Coal
1,000 Natural Gas 1,000 Natural Gas
m Oil m Oil
1 I 800
o l --..llll w0 ..l
0 ’ 0 4

2000 2020 2040 2060 2080 2100 2000 2020 2040 — 2060 2080 2100 2000 2020 2040Y 2060 2080 2100
ear

[}
o
o

Exajoules/Year
o2}
o
o

Exajoules/Year
D fos}
o o
o o
S
o
o
Exajoules/Year
fec}
o
o

N
o
o

o
\

September 15, 2006 ES-14



CCSP Product 2.1, Part A CPDAC Draft V2

Figure ES.2: U.S. primary energy consumption (EJf): U.S. primary energy production rises in all threference scenarios. Growth is
in the range of 1% to 2Y% times present levelst}02 This growth occurs despite continued improxets in the efficiency of energy use

and production: U.S. energy intensity declines®?5% between 2000 and 2100.
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Figure ES.3: Global electricity production (EJ/yr): Global electricity production grows to over fdumes production in 2000 in all the
reference scenarios. Global electricity productibaws continued reliance on coal although thisrdmution varies among the reference
scenarios. The contribution of renewables andeananergy varies considerably in the differergnaice cases, depending on resource
availability, technology, and non-climate policynstderations. For example, global nuclear germrati the reference scenarios ranges
from an increase over current levels of around 50%glitical considerations constrain its growtb,an expansion by more than an order of

magnitude, assuming economically driven growth.
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Figure ES.4: U.S. electricity production (EJ/yr): Continued dependence on coal for electricity geren is a feature of the reference
case, with the degree of dependence varying anmmergpeos. Differences in nuclear power reflecuagstions about public acceptability of
nuclear power, and the ability to site and constneev plants.
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Figure ES.5: Global Emissions of CQfrom Fossil Fuels and Industrial Sources [CO2 fromiand use change excluded] across
Reference Scenarios (GTC/Year)Global emissions of C{from fossil fuel combustion and other industrialices, mainly cement

production, increase over the century in all threference scenarios. By 2100 emissions reach@Z5yr to 24 GtC/y. Note that GGrom

land use change is excluded from this figure.
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Figure ES.6: Global Emissions of Fossil Fuel and ttustrial CO, by Annex | and Non-Annex | Countries across Refergce Scenarios
(GtCly). Emissions of fossil fuel and industrial €@ the reference scenarios show Non-Annex | emnssexceeding Annex | emissions for
in all three reference scenarios by 2030 or earllevo reference scenarios show continued relatipel growth in emissions in Non-Annex

| regions after that so that their emissions aréherorder of twice the level of Annex | by 210Dhe third does not show continued
divergence, due in part to relatively slower ecommognowth in Non Annex | regions, and faster growtlAnnex | than the other models, and
also increased emissions in Annex | as they beqooaucers and exporters of shale oil, tar sandssgnthetic fuels from coal.
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Figure ES.7: Radiative Forcing by Gas across Refenee Scenarios (W/rf). The contribution of different greenhouse gasdadreased
radiative forcing through 2100 show g@&ccounting for 75% to 80% percent of the incredsezng from preindustrial for all 3 models.
The total increase ranges from about 6.4 to 8.6 Ahwve pre-industrial levels.
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Figure ES.8: Change in Global Primary Energy by Fel across Stabilization Scenarios, relative to Rafence Scenarios

(Exajoules/Year): Energy consumption changes from the reference soaioahe stabilization scenarios show significeilahsformation of
the energy system for all three models. The tansition begins later under the Level 3 and Levalrdets, but would need to continue into
the following century. The transformation inclugeduction in energy use, increased use of cartemndources of energy (biomass, other
renewables, nuclear), and addition of carbon cepnd sequestration. The contribution of eaclesaamong the models reflecting different

assessments of the economic viability, policy aggions, and resource limits.
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Figure ES.9: Change in U.S. Primary Energy by Fuehcross Stabilization Scenarios, relative to Refenee Scenarios
(Exajoules/Year): The United States energy system in the refererergasios, and the changes needed under the stabiizgenarios
involve transformations similar to those for thelml energy system. One difference not obvious fittese primary fuel data is the

transformation from conventional oil and gas totkgtic fuel production derived from shale oil oatoOne model (IGSM) includes heavy
use of shale oil in the reference with some cosifigation, whereas another (MERGE) includes pritpaynthetic liquid and gaseous fuels

derived from coal.
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Figure ES.10: Carbon emission&tCly) in the reference and stabilization scenads. The tighter the constraint on the stabilizatiorele
the faster the rate at which carbon emissions aedine from the baseline. This is because tHaltation level defines a long-term carbon
budget; that is the remaining amount of carbon ¢hatbe emitted in the future. The gradual defleadf the emissions from the reference
reflects the assumption of “when”flexibility, wittarbon prices rising gradually. The most string@einarios require global emissions to
begin to fall absolutely from the start of the pgliwhereas the other cases allow for some funtioeease.
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Figure ES.11: Change in Global Electricity by Fuebhcross Stabilization Scenarios, relative to Refenee Scenarios (EJ/y):Various
electricity technology options could be competitinghe future, and different assessments of tiedditive economic viability, reliability, and
resource availability lead to considerably différprojections for the global electricity sector@ference and stabilization scenarios across
the models. One reference scenario (IGSM) incluelegively little change in the electricity sectorthe reference, with continued reliance
on coal. The other two reference scenarios indaidge transformations from current in the refeeenin all cases, large changes from
reference are required to meet the stabilizatioyeta.
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Figure ES.12: Change in U.S. Electricity by Fuel@oss Stabilization Scenarios, relative to RefereecScenarios (Exajoules/Year):

United States electricity generation sources adldnelogies will need to be substantially transfadritee meet stabilization targets. Carbon
capture and sequestration figure in all three n®detler stabilization scenarios, but the contrdyutf other sources and technologies and the
total amount of electricity used differ substartyial
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Figure ES.13: Ratio of Relationship Between CarboPRrice and Percentage Abatement in 2050 and 210T:he relationship between
carbon price and percentage abatement very siami@ang the models in 2050. In 2100, the relatignbletween carbon price and abatement

diverges across the models, due in large partffereint assumptions regarding the technologiedaaito facilitate emissions reductions late
in the century.
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Figure ES.14: Total Radiative Forcing in 2100 acrss Scenarios (W/mrelative to preindustrial): Results for radiative forcing in the year
2100 by greenhouse gas show G®be the main contributor. Contributions frornr©0, gases are relatively higher in the referenceen th
IGSM scenarios, relatively lower in the MiniCAM s@eios, and intermediate for the MERGE scenarios.
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1.1. Introduction

The Strategic Plan for the U.S. Climate Change Scidtraggram(CCSP 2003) calls for
the preparation of 21 synthesis and assessmenigisodNoting that “sound,
comprehensive emissions scenarios are essenti@biigparative analysis of how climate
might change in the future, as well as for analggenitigation and adaptation options,”
the plan includes Product 2.1, Scenarios of Greesd&Gas Emissions and Atmospheric
Concentrations and Review of Integrated ScenarieDpment and Application. This
report presents the results from the scenario dpuatnt component of this product; the
review of scenario methods is the subject of ars@paeport. The guidelines for the
development of these scenarios are set forth iFithed Prospectus for Synthesis and
Assessment Product X‘the Prospectus”; CCSP 2005). Consistent withRhespectus
and the nature of the climate change issue, thesesos were developed using long-
term, century-scale models of global energy-agticatiand-use-economy systems
coupled to models of global atmospheric composidéiod radiation.

This report discusses the overall design of scesdthis chapter), describes the key
features of the participating models (Chapter B)sents the new scenarios that have
been prepared and reports the main results comayatChapters 3 and 4), and reflects
in conclusion on emerging insights from these neenarios, the uses and limitations of
them, and avenues for further research (ChapteSé&¢nario details are available in a
separate data archive.

The scenarios in this report are intended as omeamfy inputs to public and private
discussions regarding the threat of climate chamgewhat to do about it, and they may
also serve as a point of departure for further C&sdPother analyses that might inform
these discussions in the future. The possible uddl®ese scenarios are many and
diverse. They include climate modelers and thensei&ommunity; those involved in
national public policy formulation; managers of Eel research programs; state and
local government officials who face decisions tmaght be affected by climate change

! This data archive will be made available upon cetign of the final draft of this report.
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and mitigation measures; and individual firms, fayeind members of the public. Such a
varied clientele implies an equally diverse sgpadsible needs, and no single scenario
exercise can hope to fully satisfy all of thesedse@he Prospectus for this product
highlighted three areas in particular in which skenarios might provide valuable
insights:

1. Emissions Trajectories: What emissions trajectares time are consistent with
meeting the four stabilization levels, and whattaeekey factors that shape them?

2. Energy Systems: What energy system charactereticeonsistent with each of the
four alternative stabilization levels, and how Hey differ from one another?

3. Economic Implications: What are the possible ecana@onsequences of meeting the
four alternative stabilization levels?

It should be emphasized that there are issuesnoéid change decision-making that
these scenarios do not address. For examplewé&eynot designed for use in exploring
the role of aerosols in climate change. And thek the regional detail that may be
desired for many aspects of local or regional decisnaking./n addition, this report
should in no way be perceived as a cost benefitlasg of climate policy. The focus
/s exclusively on the nature and costs of the mépn required to meet various
stabilization levels. No attempt has been made s$eegs the damages avoided by
adopting a particular stabilization level or ancély benefits that may be realized
(e.g., in air pollution reduction). Although the iformation contained in the report
should provide a useful input to policy deliberatis, it provides an incomplete guide
to decisions on particular policy measures.

Three analytical models, all meeting the critegtferth in the Prospectus, were used in
preparing the new scenarios. As also directeterProspectus, fifteen scenarios are
presented in this document, five from each of tiie¢ modeling teams. First, each team
produced a unique reference scenario based orsshiengtion that no climate policy
would be implemented either nationally or globddgyond the current set of policies in
place (e.g., the Kyoto Protocol and the Presidegreenhouse gas emissions intensity
target for the U.S.). These reference scenarios developed independently by the
modeling teams, so they provide three separatensgsif how the future might unfold
across the globe over the*2dentury without additional climate policiés.

Each team then produced four additional stabilirasicenarios, which are departures
from each team’s reference case. The Prospectatfisd that stabilization levels,
common across the teams, be defined in terms dbthElong-term radiative impact of
the suite of greenhouse gases (GHGSs) that inclcald®n dioxide (C¢), nitrous oxide
(N20), methane (CkJ, hydrofluorocarbons (HFCs), perfluorocarbons (Bf@nd sulfur
hexafluoride (SE). This radiative impact is expressed in termeadifative forcing,

2 Although there are many reasons to expect thahtiee reference scenarios would be differens, it i
worth noting that the modeling teams met periodijadiliring the development of the scenarios to nevie
progress and to exchange information. Thus, wiikeadhering to any formal protocol of standardorat
the three reference scenarios are not entirelypiagent.
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which is a measure of the additional heat-trappetie atmosphere by these six GHG's
relative to preindustrial levels.

Although stabilization is defined in terms of radia forcing, the stabilization levels
were constructed so that the resulting;@@ncentrations, after accounting for radiative
forcing from the non-C®GHGs, would be roughly 450 ppmv, 550 ppmv, 650 yppand
750 ppmv. The radiative forcing limits therefore &igher than the forcing from GO
alone at these concentrations. Based on this egeint, the four stabilization levels
were chosen as 3.4 WirtLevel 1), 4.7 W/ri(Level 2), 5.8 W/rh (Level 3), and 6.7
W/m? (Level 4). In comparison, radiative forcing réfatto pre-industrial levels for this
suite of gases stood at roughly 2.2 Wim2000. Details of these stabilization
assumptions are elaborated in Section 1.3 anddto®es.

The production of emissions scenarios consistetfi these stabilization goals required
analysis beyond study of the emissions themselgeause of physical, chemical, and
biological feedbacks within the Earth system. @c@s focused only on emissions of
GHGs and other substances generated by humantya¢aimthropogenic sources) can

rely exclusively on energy-agriculture-economic migdhat project human activity and
the emissions that result. However, relating erarsspaths to concentrations of GHGs in
the atmosphere requires models that account fér drthropogenic and natural sources
as well as the sinks for these substances.

Models that attempt to capture these complex intenas and feedbacks must, because
of computational limits, use simplified represeiutas of individual components of the
Earth system. These simplified representationsygieally designed to mimic the
behavior of more complex models but cannot repteslénf the elements of these
systems. Thus, while the scenario exercise uridarthere uses models that represent
both the anthropogenic sources (the global enerdystrial-agricultural economy) and
the Earth system processes (ocean, atmosphesstteirsystems), it is not intended to
supplant detailed analysis of these systems usihgdale, state-of-the-art models and
analytic techniques. Rather, these scenarios gecvicommon point of departure for
more complex analyses of individual componenthefiarth’s system as it is affected
by human activity. These might include, for exampletailed studies of sub-components
of the energy sector, regional projections of ctenghange using three-dimensional
general circulation models and further downscaleapniques, and assessment of the
implications for economic activity and natural egstems of climate change under
various stabilization goals.

The remainder of this chapter is organized inta f®ctions. Section 1.2 provides an
overview of scientific aspects of the climate isagébackground for interpretation of
these scenarios. Section 1.3 then presents ttig dasign with a focus on the
characteristics of the stabilization cases to begtigated in Chapter 4. Section 1.4
briefly discusses how scenarios of this type haenlused to examine the climate
change issue and the intended uses and limitseafdiv scenarios, focusing on
interpretation of these scenarios under conditainsicertainty. Section 1.5 provides a
guide to the structure of the remaining chaptetstha associated data archive.
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1.2. Background: Human Activities, Emissions, Concentrabns, and Climate
Change

Materials that influence the Earth’s radiation Ipaacome in various forms, and most
have natural as well as anthropogenic sources.e@wengases which remain in the
atmosphere for periods ranging from days to millenmapping heat while they are
there. They are known as GHGs because, whilegasest to incoming short-wave
radiation (the visible spectrum that people comm@arceive as light), they capture and
reflect back to Earth long-wave radiation, thug@asing the temperature of the lower
atmosphere from what it otherwise would be. Thegearally occurring GHGs, plus
clouds and the effect of water vapor (the most irtggat GHG of all), are responsible for
creating a habitable climate on Earth. Withoutrihthe average temperature at the
Earth’s surface would be colder than it is todayduyghly 55°F (31°C).

GHGs are not the only influences on the Earth’'satace balance. Other gases like
oxides of nitrogen (NQ have no direct greenhouse effect, but they amgpoments of

the atmospheric chemistry that determine the iifetof some of the heat-trapping GHGs
and are involved in the reactions that producedaspperic ozone, another GHG.
Aerosols (non-aqueous particles suspended in @y)lmave positive or negative effects,
depending on their relative brightness. Some ptes&vhite surface and reflect the sun’s
energy back to space; others are black and abstabenergy, adding to the solar
warming of the atmosphere. Aerosols also havedinect effect on climate in that they
influence the density and lifetime of clouds, whiedve a strong influence on the
radiation balance and on precipitation. Humans alter the land surface, changing its
reflective properties, and these changes can Hamate consequences with effects most
pronounced at a local scale (e.g., urban heatds)eand regional levels (e.g., large-scale
changes in forest cover). In addition, the climtgelf has positive and negative
feedbacks, such as the decrease in global albatievtuld result from the melting land
and sea ice or the potential release of GHGs ssicheghane from wetlands.

Climate policy concerns are driven by the fact #ratssions from human activities
(mainly combustion of fuels and biomass, industilvities, and agriculture) are
increasing the atmospheric concentrations of teabstances. Climate policy
discussions have focused heavily on,CCH,, N,O, and a set of fluorine-containing
industrial chemicals — SFand two families of substances that do not exasiinally,
hydrogenated halocarbons (including hydrochlorafdearbons [HCFCs] and HFCs)
and PFCs. Some of these substances remain itnloszhere on the order of decades
(CHg4, most HFCs), others for the order of 100 years(@®&O) and some for thousands
of years (PFCs, SF

Other naturally occurring substances whose levale lalso been greatly enhanced by
human activities remain in the atmosphere for dayaonths. With such short lifetimes
they are not well mixed in the atmosphere and sw #ifects have a regional pattern as
well as global consequences. These substancesléakrosols such as black carbon and

% For simplicity, all hydrogenated halocarbons Wi referred to as HFCs in the subsequent text. The
greenhouse gas methyl chloroform is often alsoggdwalong with HFCs and HCFCs.
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other particulate matter; sulfur dioxide, whictlthe main precursor of the reflecting
aerosols; and other gases such as volatile orgam@ounds, nitrogen dioxide, other
oxides of nitrogen, and carbon monoxide. All anportant components of atmospheric
chemistry.

This suite of substances with different radiatiegégmcy and different lifetimes in the
atmosphere presents a challenge in defining whatent by atmospheric “stabilization.”
Specification in terms of quantities of the gasesriselves is problematic because there
is no simple way to add them together in their redtunits such as tons or parts per
million by volume. Thus, a meaningful metric iseded in order to combine the effects
of different GHGs.

One approach is to define stabilization in termsarhe ultimate climate measure, such
as the change in the global average temperatune. d@awback of such measures is that
they interject large uncertainties into the consitien of stabilization because the
ultimate climate system response to added GHGsdertain. Climate models involve
complex and uncertain interactions and feedbackd) as increasing levels of water
vapor, changes in reflective polar ice, cloud dfaxf aerosols, and changes in ocean
circulation that determine the ocean’s uptake of @l heat.

For the design of these scenarios, the Prospealiesl ¢or an intermediate, less uncertain
measure of climate effect, the direct heat-trapjpimgact of a change in the
concentrations of the six categories of GHGs ligtadier. It is constructed to represent
the change in the net balance of the Earth witlstime(energy iwvs. energy out) where

the units are watts per square meter (Yy/of the Earth’s shell. Generally referred to as
radiative “forcing” (see Box 1.1), a positive valoeans a warming influence. This
measure is widely used to compare the climate &sfigfcdifferent substances, although
calculation of the net forcing of a group of gaseisere there may be chemical
interaction among them or saturation of the infdaspectrum, requires specialized
models of atmospheric chemistry and radiation.

--- BOX 1.1: RADIATIVE FORCING ---

Most of the Sun’s energy that reaches the Eambssrbed by the oceans and land
masses and radiated back into the atmosphere fortineof heat or infrared radiation.
Some of this infrared energy is absorbed and rexted back to the Earth by atmospheric
gases, including water vapor, g@nd other substances. As concentrations of gwse
called greenhouse gases (GHGS) increase, the wgeffect is augmented. The
National Research Council (2005) defines direciatace forcing as an effect on the
climate system that directly affects the radiabuelget of the Earth’s climate which may
result from a change in concentration of radiati\adtive gases, a change in solar
radiation reaching the Earth, or changes in surédloedo. The increase is called
radiative “forcing” and is typically measured in tgaper square meter (W#n Increases
in radiative forcing influence global temperatuseihdirect effects and feedback from a
variety of processes, most of which are subjecbttsiderable uncertainty. Together,
they affect, for example, the level of water vagbe most important of the GHGs.
---END BOX 1.1 ---
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Figure 1.1 shows estimates of how increases in Giifdsaerosols and other changes
have influenced radiative forcing since 1850. T@#Gs considered in these scenarios
are collected in the left-most bar and togethey tie/e had the biggest effect, with £O
being the largest of this group. Increased tropesp ozone has also had a substantial
warming effect. The reduction in stratosphericrezbas had a slight cooling effect.
Changes in aerosols have had both warming andngpeffects. Aerosol effects are
highly uncertain because they depend on the nafute particles, how the particles are
distributed in the atmosphere, and their concdotrat which are not as well understood
as the GHGs. Land-use change and its effect orefleetivity of the Earth’s surface, jet
contrails and changes in high-level (cirrus) clqouadsd the natural change in intensity of
the sun have also had effects.

Figure 1.1:  Estimated Influences of Atmospheris€aon Radiative Forcing,
1850-present

Another important aspect of the climate effectthese substances, not captured in the
W/m? measure, is the persistence of their influencthemradiative balance—a
characteristic discussed in Box 1.2. The Wineasure of radiative forcing accounts for
only the effect of a concentration in the atmospladra particular instant. The GHGs
considered here have influences that may last &a®ecade or two (e.g., the influence of
CHy) to millennia, as noted eatrlier.

--- BOX 1.2: ATMOSPHERIC LIFETIMES OF GREENHOUSE GA SES ---

The atmospheric lifetime concept is more approeriat CH,, N,O, HCFCs, PFCs, and
Sk than itis for CQ. These non-C@gases are destroyed via chemical processes after
some time in the atmosphere. In contrast; 8@onstantly cycled between pools in the
atmosphere, the surface layer of the ocean, anetataon, so it is (for the most part) not
destroyed. Very slow processes lead to some rembearbon from oceans, vegetation,
and atmosphere as calcium carbonate; also, ovgrgeological periods, carbon from
vegetation was stored as fossil fuels, which ism@anent removal process as long as
they are not burned to produce energy.

Although the “lifetime” concept is not strictly ampriate for CQ (see Box 2.2 in
Chapter 2), the molecules in a kilogram of emissican be thought of as residing in the
atmosphere, exercising their radiative effectaimund 100 years. This approximation
allows a rough comparison with the other gases; &H?2 years, pD at 114 years, and
SK; at 3200 years. Hydrogenated halocarbons, suelC&Cs and HFCs, are a family
of gases with varying lifetimes from less than ant® over 200 years; those
predominantly in use now have lifetimes mostlyha tange of 10 to 50 years. Similarly,
the PFCs have various lifetimes, ranging from 2,86080,000 years.

The lifetimes are not constant, as they dependrtesdegree on other Earth system
processes. The lifetime of Gl the most affected by the levels of other palh$ in the
atmosphere.

- END BOX 1.2 ---
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An important difference between GHGs and most efdther substances in Figure 1.1 is
their long lifetime. In contrast to GHGs, aeros@miain in the atmosphere only for a
few days to a couple of weeks. Once an aerosadseom source is eliminated, its effect
on radiative forcing disappears very quickly. Tospheric ozone lasts for a few months.
Moreover, relatively short-lived substances arewit-mixed in the atmosphere. Levels
are very high near emissions sources and much lowaher parts of the world, so their
climate effect has a different spatial pattern ttieat of long-lived substances. The
regional differences and much shorter lifetimeaai-GHG substances make
comparisons among them more difficult than among3SHThe radiative effects of
these substances also subject to more uncertasmghown in Figure 1.1.

1.3. Study Design

The broad elements of the study design for theseasios are set forth in the Prospectus,
including (1) selection of models, (2) guidanceéhte model teams for development of a
reference scenario, and (3) guidance for the dewedmt of stabilization scenarios.

1.3.1. Model Selection

The Prospectus sets forth the model capabilitigsired to carry out the desired
stabilization analyses. As stated in the Prosge@@rticipating models must

1. Be global in scale

2. Be capable of producing global emissions totalsdba minimum, Cg N,O, CH,,
HFCs, PFCs, and $Rhat may serve as inputs to global general ateah models
(GCMs), such as the National Center for Atmosphieasearch (NCAR) Community
Climate System Model (CCSM) and the GeophysicaldHynamics Laboratory
(GFDL) climate model

3. Be capable of simulating the radiative forcing frdmase GHGs

4. Represent multiple regions

5. Have technological resolution capable of distinguig among major sources of
primary energy (e.g., renewable energy, nuclearggnéiomass, oil, coal, and
natural gas) as well as between fossil fuel teadgies with and without carbon
capture and storage systems

6. Be economics-based and capable of simulating meenoenic cost implications of
stabilization

7. Look forward to the end of the century or beyond.

In addition, the Prospectus required that the mngeéeams have a track record of
publications in professional, refereed journalgcsically in the use of their models for
the analysis of long-term GHG emission scenarios.

Selection by these criteria led to the three modsésl in this exercise: (1) The Integrated
Global Systems Model (IGSM) of the Massachusetstliie of Technology’s Joint
Program on the Science and Policy of Global Cha(®)eahe MiniCAM Model of the

Joint Global Change Research Institute, whichparénership between the Pacific
Northwest National Laboratory and the UniversityMdryland; and (3) the Model for
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Evaluating the Regional and Global Effects [of gie@use gas reduction policies]
(MERGE), developed jointly at Stanford Universitydathe Electric Power Research
Institute.

Each of these models has been used extensivetyifoate change analysis. The roots of
each extend back more than a decade, during winighféatures and details have been
added. Results of each have appeared widely inrpeewed publications. The
features of the models are described in ChaptetiRreferences to the publications and
reports that provide complete documentation.

These models fall into a class that has come tmbe/n as Integrated Assessment
Models (IAMs). There are many ways to define |IAM=l to characterize the
motivations for developing them (IPCC 1996). Atmadarly appropriate definition of
their primary purposes, provided by Parson anddfistanden (1997), is “evaluating
potential responses to climate change; structuamuyviedge and characterizing
uncertainty; contributing to broad comparative @sisessments; and contributing to
scientific research.”

1.3.2. Development of Reference Scenarios

As required by the Prospectus, each participatindeting team first produced a
“reference” scenario that assumes no policies fipalty intended to address climate
change beyond the implementation of any existidgigs to their end of their
commitment periods. The Kyoto Protocol and theqyotif the United States to reduce
greenhouse gas emissions intensity by 18% by 28 Bath existing policies. For
purposes of the reference scenario (and for eatifredftabilization scenarios), it was
assumed that these policies are successfully ingieed through 2012 and their goals
are achieved. (This assumption could only be apprated within the models because
their time steps did not coincide exactly with grexiod from 2002 to 2012. However,
such approximation is a minor consideration asslitfferences in emissions for a few
years will have little impact on long term conceatittns.) As directed by the Prospectus,
after 2012, these existing climate policies expind are not renewed or replaced. This is
not a prediction but a scenario designed to proaidearly defined case to serve as a
basis for illuminating the implications of alternat stabilization goals. The paths toward
stabilization are implemented to start after 204 2liacussed further in the following
section. The reference scenarios and assumptiaeslying them are detailed in
Chapter 3.

The reference scenarios serve two main purposest, they provide insight into how the
world might evolve without additional efforts tortgirain greenhouse gas emissions,
given various assumptions about principal drivérhe economy, energy use, and
emissions. These assumptions include those cangguopulation increase, land and
labor productivity growth, technological optionsdaresource endowments. These
forces govern the supply and demand for energysiml goods, and agricultural
products—the production and consumption activitied lead to GHG emissions. The
reference scenarios are a thought experiment tritibg assume that even as emissions
increase and climate changes nothing is done tecesemissions. The specific levels of
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GHG emissions and concentrations are not predatedrbut result from the
combination of assumptions made.

Second, the reference scenarios serve as poidepafture for analysis of the changes
by stabilization, and the underlying assumptiongetalarge bearing on the
characteristics of the stabilization cases. Fongla, all other things being equal, the
lower the economic growth and the higher the atdits and competitiveness of low-
carbon energy technologies in the reference sagrtag lower will be the GHG
emissions and the easier it will be to reach siiibn. On the other hand, if a reference
scenario assumes that fossil fuels are abundamhfoasil-fuel technologies will become
cheaper over time while low- or zero-carbon altBves remain expensive, the scenario
will show consumers having little reason to coneendopt more efficient energy-
equipment, or switch to non-fossil sources. Ursleh a reference scenario, emissions
will grow rapidly, and stronger economic incentiveil be required to achieve
stabilization.

Finally, the Prospectus specified that the modeiagns develop their reference
scenarios independently, applying “plausible” anteaningful” assumptions for key
drivers? Similarities and differences among the refereszanarios are useful in
illustrating the uncertainty inherent in long-ruedtment of the climate challenge. At the
same time, with only three participating modelg, thnge of scenario assumptions
produced does not span the full range of posséslit

1.3.3. Development of the Stabilization Scenarios

Although the model teams were required to indepethgldevelop their modeling
assumptions, the Prospectus required that a corsetasf four stabilization targets be
used across the participating models. Also, wieeneach of the literature on
atmospheric stabilization focuses on concentratodr30, only, an important objective
of this exercise was to expand the range of coest@gnclude other GHGs. Thus the
Prospectus required that the stabilization levelddfined in terms of the combined
effects of CQ, N,O, CH,, HFCs, PFCs, and $FThis suite of GHGs forms the basis for
the U.S. GHG intensity reduction policy, announbgdhe President on February 14,
2002; it is the same set subject to control unideityoto Protocol. These gases are
included in the left most bar of Figure 1.1, angsstthe stabilization targets specified in
the Prospectus explicitly omit the aerosol, ozdared surface and other effects shown in
other bars in Figure 1.1, which may be influencgdhe measures taken to achieve the
stabilization goal. Table 1.1 shows the changmimcentration levels for these gases
from 1750 to 2000. The left most bar in Figure dhbws radiative forcing of nearly 2.5
Wm™? compared with a sum of 2.2 Wiin Table 1.1. The difference exists because
Figure 1.1 includes .25 to .3 Whof forcing from chlorofluorocarbons (CFCs) not in
Table 1.1, and data in the figure extend only tgroi998 (IPCC, 2001, Table 6.1)
whereas the table extends through the year 200@sCOmportant in the historical data,
are already being phased out under the Montreab&sbbecause of their stratospheric
ozone-depleting properties, and so they are natagd to be a significant source of

* See footnote 2.
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additional increased forcing in the future. TheGsFwhich do not contribute to
stratospheric ozone depletion, were developed lastitutes for the CFCs, but are of
concern because of their radiative properties.|leTal?2 shows the specific radiative
forcing targets chosen for this study.

Table 1.1. Greenhouse Gas Concentrations and fgorcin

Table 1.2. Radiative Forcing Stabilization Leva/i’) and Corresponding
CO, Concentrations (ppmv)

As noted earlier, the Prospectus instructed treastabilization levels be constructed so
that the CQ concentrations resulting from stabilization ofdatadiative forcing, after
accounting for radiative forcing from the non-£€GHGs, would be roughly 450 ppmv,
550 ppmv, 650 ppmyv, and 750 ppmv. This correspocelevas achieved by (1)
calculating the increased radiative forcing from;@Deach of these concentrations, (2)
adding to that amount the radiative forcing frora tton-CQ gases from 1750 to present,
and then (3) adding an initial estimate of the ¢jeaim radiative forcing from the non-
CO, GHGs under each of the stabilization levels. Ez#dhe models represents the
emissions and abatement opportunities of the nopga®es somewhat differently, and
takes a different approach to representation ofredeoffs among them, so an exact
correspondence between overall radiative forcirdg@@y levels that would fit all three
models was not possible. The approximated radidtixcing levels correspond closely
to CO, targets set out in the Prospectus for all thredetso

The Prospectus also specified that, beyond thecimgtation of any existing policies,
the stabilization scenarios should be based oreuvsaV participation by the world’s
nations. This guidance was implemented by assumiignate regime with
simultaneous global participation in emissions gaition where the marginal costs of
emission controls are equalized across countridsegions. Under this assumption,
known as “where” flexibility, emissions will be reded where it is cheapest to do so
regardless of their geographical location. Oneartgnt implication of this assumption is
that the stabilization scenarios produce estimaitegabilization costs that are
systematically lower than what might be expected world in which some major
countries remain out of an emissions mitigationmegfor an extended period of time,
some economies use more costly regulatory mechanmnemissions mitigation
regimes within nations are incomplete either im®f greenhouse gas or sectoral
coverage. On the other hand, possible ancillangtis, tax interaction effects, or effects
of carbon policies on technical change were natsssesd which in some cases can lower
costs. These issues are discussed in more det@ilapter 4.

In addition, the Prospectus required that staltiibnabe defined as long-term. Because
of the inertia in the Earth system, largely atttdile to the ocean, perturbations to the
climate and atmosphere have effects for thousahgsanrs. Economic models have little
credibility over such time-frames. The Prospectiustefore, instructed that the
participating modeling teams report scenario infation only up through 2100. Each
group then had to address how to relate the lev2100 to the long-term goal. The
chosen approaches were generally similar, but sathe differences in implementation.
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This and other details of the stabilization scamdasign are addressed more completely
in Chapter 4.

1.4. Interpreting Scenarios: Uses, Limits, and Uncertaity

Emissions scenarios have proven to be useful aidaderstanding climate change, and
there is a long history of their use (see Box 13¢enarios are descriptions of future
conditions, often constructed by asking “what iffegtions: i.e, what if events were to
unfold in a particular way? Informal scenario as# is part of almost all decision-
making. For example, families making decisionsuditieg purchases, like a car or a
house, might plausibly construct a scenario in Wwiticanges in employment forces them
to move. Scenarios addressing major public-pajiegstions perform the same purpose,
helping decision-makers and the public to undedstha consequences of actions today
in the light of plausible future developments.

--- BOX 1.3: EMISSIONS SCENARIOS AND CLIMATE CHANGE ---

Emissions scenarios that describe future econoroiwty and energy use have been
important tools for understanding the long-termssmuences of climate change. They
were used in assessments by the U.S. National AvadéSciences in 1983 and by the
Department of Energy in 1985 (NAS 1983, USDOE 198%)evious emissions scenarios
have evolved from simple projections that extrafulaa 1 percent per year increase in
CO, emissions to scenarios that incorporate assungp#baout population, economic
growth, energy supply, and controls on GHG emissemmd CFCs (Leggett et al. 1992,
Pepper et al. 1992). They played an importantirotbe reports of the
Intergovernmental Panel on Climate Change (IPCQ19992, 1996). The IPCC
Special Report on Emissions Scenafidakicenovic et al. 2000) was the most recent
major effort undertaken by the IPCC to expand goahte earlier scenarios. This set of
scenarios was based on story lines of alternatitteds, updated with regard to the
variables used in previous scenarios, and withtaadil detail on technological change
and land use.

The Energy Modeling Forum (EMF) has been an impbrianue for intercomparison of
emissions and integrated assessment models. Te B&haged at Stanford University,
includes patrticipants from academic, governmerd,@her modeling groups from
around the world. It has served this role foréhergy-modeling community since the
1970s. Individual EMF studies run over a courselaiut two years, with scenarios
designed by the participants to provide insight e behavior of the participating
models. Results are often published in the pegewned literature. A recent study, EMF
21, focused on multi-gas stabilization scenariogy#t and de la Chesnaye, 2006).

--- END BOX 1.3 ---

Models assist in creating scenarios by showing assumptions about key drivers, such
as economic and population growth or policy optjdead to particular levels of GHG
emissions. Model-based scenario analysis is dedigmprovide quantitative estimates
of multiple outcomes and to assure consistency grttteam that is difficult to achieve
without a formal structure. Thus, a main benefis@th model simulation of scenarios is
that they ensure basic accounting identities: trantjty demanded of fuel is equal to the
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guantity supplied; imports in one region are badahloy exports from other regions;
cumulative fuel used does not exceed estimatdseafeisource available; and
expenditures for goods and services do not excexhie. The approach complements
other ways of thinking about the future, rangingirformal uncertainty analysis to
narratives. Also, such model analyses offer afetacro-projections that users can
build on, adding more detailed assumptions abotabkes and decisions of interest to
them.

The possible users of these scenarios are mangiaside, and a single scenario exercise
cannot hope to provide the details needed by adirgiml users or address their specific
qguestions. Thus these scenarios are an initiafeaed to potential user communities. If
successful, they will generate further questiorgsthe demand for more detailed
analysis, some of which might be satisfied by fertscenario development from models
like those used here but more often demandingldbtdican only be provided with other
modeling and analysis techniques. As such, th@te one step in an ongoing and
iterative process of producing and refining climedkated scenarios and scenario tools.

Although the required long-term perspective demawa@sarios that stretch into the
distant future, any such scenarios carry with tisemsiderable uncertainty. Inevitably the
future will hold surprises. Scientific advanceslWwi& made, new technologies will be
developed, and the direction of the economy willradie, making it necessary to reassess
the issues examined here. The Prospectus calletti@opment of a limited number of
scenarios, without a formal treatment of likelihawrduncertainty, requiring as noted
earlier only that the modeling teams use assumgptiaat they believe to be “plausible”
and “meaningful”. Formal uncertainty analysis hascmto offer and could be a useful
additional follow-on or complementary exercise. é¢Jdrowever, the range of outcomes
from the different modeling teams help to illust;at incompletely, the range of
possibilities.

The scenarios developed here take the best infammavailable now and assess what
that may mean for the future. Any such exercisgydver, will necessarily be
incomplete and will not foresee all possible futdexelopments. The best planning
must, of course, prepare for changes in coursedataew information becomes
available.

1.5. Report Outline

Chapter 2 of this report provides an overview eftiiree models used in development of
the scenarios. Chapter 3 describes the assumjatioang key drivers in each of the
models and reports reference scenario resultspt€hé provides greater detail on the
design of the stabilization scenarios and pregéeisresults. Chapter 5 provides
concluding observations, including possible averfaeadditional research.

The chapters seek to show how the models diffey tantthe degree possible, relate where
these differences matter and how they shape tléises'he models have their own
respective strengths and each offers its own reddemepresentation of the world. The
authors have been at pains to distill general emm@hs common to the scenarios
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generated by the three modeling teams, while razognthat other plausible
representations could well lead to quite diffenesults. The major results are presented
primarily in the figures. Associated with the refpis a database with the quantitative
results available for those who wish to furtherlgz@and use these scenarios. A
description of the database, directions for usd,i@location can be found in the
appendix’
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Table 1.1. Greenhouse Gas Concentrations and Forgn

Increased
Preindustrial Current Forcing
Concentration | Concentration wW/m?
(1750) (2000) (1750-2000)

CO; 280 ppmv 369 ppmv 1.52
CH, 700 ppbv 1760 ppbv 0.517
N,O 270 ppbv 316 ppbv 0.153
HFCs 0 NA 0.005
PFCs 0 NA 0.014
SFg 0 4 ppt 0.0025

Table 1.2. Radiative Forcing Stabilization Levels\W/m?) and Approximate CO,
Concentrations (ppmv).Thestabilization levels were constructed so that te C
concentrations resulting from stabilization of tetadiative forcing, after accounting for
radiative forcing from the non-GAsHGSs, would be roughly 450 ppmv, 550 ppmv, 650
ppmv, and 750 ppmv. None of the scenarios meethpproximate C&Oconcentrations

exactly.
Approximate
Contribution to | Approximate
Radiative Radiative Contribution  Corresponding
Forcing Limit Forcing from to Radiative CO,
from Study non-CO, Forcing from  Concentration
Gases (W/m?) | Gases (W/m?) | CO, (W/m?) (ppmv)
Level 1 3.4 0.8 2.6 450
Level 2 4.7 1.0 3.7 550
Level 3 5.8 1.3 45 650
Level 4 6.7 1.4 5.3 750
Actual Year 2000 2.2 0.7 1.5 370
Actual Pre-Industrial 0 0 0 275
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Figure 1.1. Estimated Influences of Atmospheric Gas on Radiative Forcing, 1850-

present
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2. MODELS USED IN THIS STUDY
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2.3.  Earth Systems COMPONENT.............utmmmmmmmmeeeeeeeeeeeeeeiiiiiira e e e e e eaaaes 12

2.4, REMEIBNCES....uiiiiiiiiiiiiiie ettt 16

2.1. Overview of the Models

The analysis facilities used in this exercise aferred to as integrated assessment
models (IAMs) in that they combine, in an integdabemework, the socio-economic and
physical processes and systems that define therhinflaence on, and interactions with,
the global climate. They integrate computer modésocio-economic and technological
determinants of the emissions of greenhouse g&d4¢6¢) and other substances
influencing the Earth’s radiation balance with misd# the natural science of Earth
system response, including those of the atmospbeeans, and terrestrial biosphere.
Although they differ in their specific design obijees and details of their mathematical
structures, each of these IAMs was developed ®ptirpose of gaining insight into
economic and policy issues associated with glolralate change.

To create scenarios of sufficient depth, scope,dtdil, a number of model
characteristics were deemed critical for developgméthese scenarios. The criteria set
forth in Chapter 1 led to the selection of thre®lis\

* TheIntegrated ®bal Systems Mdel (the IGSM) of the Massachusetts Institute of
Technology’s Joint Program on the Science and Polic&lobal Change. The IGSM
(Sokolov et al. 2005) is an Earth system model ¢batprises a multi-sector, multi-
region economic component and a science companehiding a two-dimensional
atmosphere, a three-dimensional ocean, and aetetsidgeochemical model of the
terrestrial biosphere. Because this study focasasew emissions scenarios, results
from the economic model component of the IGSM,Ehassions Prediction and
Policy Analysis (EPPA) model (Paltsev et al. 20@B¢ featured in the discussion
below. EPPA is a recursive-dynamic computable gdreguilibrium (CGE) model
of the world economy and greenhouse-relevant eamisssolved on a five-year time
step. Previous applications of the IGSM and it® Elomponent system can be
found at http://web.mit.edu/globalchange.
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* The Model for Evaluating the Rgional and ®bal Efects of GHG reduction policies
(MERGE) was developed jointly at Stanford Universihd the Electric Power
Research Institute. MERGE (Manne and Richels 2@0&h intertemporal general
equilibrium model of the global economy in whicle tworld is divided into nine-
geopolitical regions. It is solved on a ten-yeardistep. MERGE is a hybrid model
combining a bottom-up representation of the enstgpply sector, together with a
top-down perspective on the remainder of the ecgnor8avings and investment
decisions are modeled as if each region maximieesliscounted utility of its
consumption, subject to an intertemporal wealthsttamt. Embedded within this
structure is a reduced-form representation of thesigal Earth system. MERGE has
been used to explore a range of climate-relatestsssncluding multi-gas strategies,
the value of low-carbon-emitting energy technolegtée choice of near-term
hedging strategies under uncertainty, the impafcisarning-by-doing, and the
potential importance of “when” and “where” flexiiyl. To support this analysis of
stabilization scenarios, the multi-gas version lteen revised by adjustments in
technology and other assumptions. The MERGE cadeablications describing its
structure and applications can be found at httpaivstanford.edu/group/MERGE/.

* The MiniCAM is an integrated assessment model,r{Bee et al. 2003) that
combines a technologically detailed global energyremy-agricultural-land-use
model with a suite of coupled gas-cycle, climate] &ce-melt models, integrated in
the_Model for the Asessment of Benhouse-gasitiuced @mate thange
(MAGICC). MiniCAM was developed and is maintaingcthe Joint Global Change
Research Institute, a partnership between theiP&trthwest National Laboratory
and the University of Maryland, while MAGICC wasvédoped and is maintained at
the National Center for Atmospheric Research. MW is solved on a 15-year
time step. MiniCAM has been used extensively fargw, climate, and other
environmental analyses conducted for organizatibasinclude the U.S. Department
of Energy (DOE), the U.S. Environmental Protecthgency (EPA), the
Intergovernmental Panel on Climate Change (IPC@J,s®veral major private sector
energy companies. Its energy sector is basedoodezl developed by Edmonds and
Reilly (1985). The model is designed to examimgtterm, large-scale changes in
global and regional energy systems, focusing onntipact of energy technologies.
Documentation for MiniCAM can be found at
http://www.globalchange.umd.edu/models/MiniCAM.pdf/

These three are among the most detailed modetssatfype of IAM, and each has long
history of development and application.

Because these models were designed to addresedapming set of climate-change
issues, they are similar in many respects. Alléghrave social science-based components
that capture the socio-economic and technologyant®ns underlying the emissions of
GHGs, and each incorporates models of physicaksyldr GHGs and other radiatively
important substances and other aspects of theahatience of global climate. The

11t differs from the pure “bottom-up” approach deised in the Box 2.1 in that demands for energy are
price-responsive.
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differences among them lie in the detail and casion of these components and in the
ways they are modeled to interact. Each was dediwith somewhat different aspects
of the climate issue as a main focus. IGSM inclutdesmost detailed representation of
the chemistry, physics, and biology of the atmospheceans, and terrestrial biosphere;
thus, its EPPA component is designed to provideethissions detalil that these natural
science components require. MERGE has its origias energy-sector model that was
initially designed for energy technology assessménvas subsequently modified to
explore the influence of expectations (and uncetyaiegarding expectations) about
future developments related to climate policy anélconomics of current investment and
the cost-minimizing allocation of emissions mitigatover time. Its focus requires a
forward-looking structure, which in turn employshgiified non-energy components of
the economy. MiniCAM is a technology rich IAM. fdatures detailed representations of
energy technologies, energy systems, and energyetsatheir interactions with
demographics, the economy, agricultural technokgied markets land use, and the
terrestrial carbon cycle.

Each of these IAMs thus has its unique strengtlsaaeas of special insight. In this
scenario study, the simultaneous application décght model structures is useful in
revealing different aspects of the task of atmosgplstabilization. The differences
among their results, presented in Chapters 3 aate4n indication of the limits of our
knowledge about future GHG emissions and the angdle in stabilizing atmospheric
conditions. Indeed, differences among the referdaecasts and in the implications of
various stabilization targets are likely within ttange that would be realized from an
uncertainty analysis applied to any one of theghas indicated by the analysis of the
EPPA model by Webster et al. (2003).

Table 2.1 provides a cross-model overview of sofitbekey characteristics to be
compared in the following sections of this chapt8ection 2.2 focuses on social science
components, describing similarities and differeraxed highlighting the assumptions that
have the greatest influences on the resulting smenaSection 2.3 does the same for the
natural science sub-models of each IAM, which is study make the connection
between the emissions of GHGs and other radiatinghprtant substances and the
resulting atmospheric conditions.

Table 2.1. Characteristics of the Models
2.2. Socio-Economic and Technology Components
2.2.1. Equilibrium, Expectations, and Trade
As can be seen in Table 2.1, the models represenbenic activity and associated
emissions in a similar way; each divides the weddnomy into several regions, and

further divides each region into economic sectamnsall three, the greatest degree of
disaggregation is applied to the various componeihésergy supply and demand.
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The models differ, however, in the representatibtne equilibrium structure, the role of
future expectations, and in the goods and sertiaegd.

MERGE and the EPPA component of the IGSM are CGHatspwhich solve for a
consistent set of supply-demand and price equalitm each good and factor of
production that is distinguished in the analysisthe process, CGE models ensure a
balance in each period of income and expenditudlecdsavings and investment for the
economy, and they maintain a balance in internatitade in goods and emissions
permits. MiniCAM is a partial equilibrium modeblsing for supply-demand and price
equilibria within linked energy and agricultural rkats. Other economic sectors that
influence the demand for energy and agriculturatipcts and the costs of factors of
production in these sectors are represented threxgienous assumptions.

The models also differ in how expectations aboetfthure affect current decisions. The
EPPA component of the IGSM and MiniCAM are recuestlynamic models, meaning
they are solved one period at a time with econ@gents modeled as responding to
conditions in that period. This behavior is alsiened to as “myopic” because these
agents do not consider expected future market tondiin their decisions. The
underlying behavioral assumption is that consurartsproducers maximize their
individual utilities or profits. In MiniCAM this prcess is captured through the use of
demand and supply functions that evolve over tia function of evolving economic
activity and regional economic development; in IGBkplicit representative-agent
utility and sector production functions ensure tt@isumer and producer decisions are
consistent with welfare and profit maximization both of these models, the patterns of
emissions mitigation over time in the scenario$ siabilize radiative forcing are
imposed through assumptions intended to capturtetitares of a strategy that, as
explained in Section 2.4, would be cost-efficiMERGE, on the other hand, is an
intertemporal optimization model where all peri@als solved simultaneously such that
resources and mitigation effort are allocated ogliyrover time as well as among
sectors. Intertemporal models of this type arerofederred to as “forward-looking” or
“perfect foresight” models because actors in tt@emy base current decisions not only
on current conditions but on future ones whichaasumed to be known with certainty.
Simultaneous solution of all periods ensures thahts’ expectations about the future are
realized in the model solution. MERGE's forward#ow structure allows it to explicitly
solve for cost-minimizing emissions pathways, intcast to MiniCAM and IGSM which
exogenously prescribe emissions mitigation polioesr time.

Although all three models also represent intermatidrade in goods and services and
include exchange in emissions permits, they diffehe combinations of goods and
services traded. In IGSM, all goods and serviepsasented in the model are traded,
with electricity trade limited to geographicallyrd@uous regions to the extent that it
occurs in the base data. MiniCAM models internaldrade in oil, coal, natural gas,
agricultural goods, and emission permits. MERGHElet®trade in oil and natural gas,
emissions permits, energy-intensive industrial go@ed a single non-energy good
representing all other tradeable goods and setvices
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2.2.2. Population and Economic Growth

A projected increase in the overall scale of ecanautivity is among the most
important drivers of GHG emissions. However, eeoimogrowth depends, in part, on
growth in population, which in all three modelsis exogenously determined input.
Although economic activity is a projected outputled models, its level is largely
determined by assumptions about labor producteuity labor force growth, which are
also model inputs. Policies to reduce emissiot®Md#hose in the reference scenarios
also affect economic activity, which may be meagua® changes in Gross Domestic
Product (GDP) or in national consumption. (See @rag, which provides a discussion
of the interpretation and limitations of GDP antestwelfare measures.)

In MiniCAM, labor productivity and growth in thebar force are the main drivers of
GDP growth. GDP is calculated as the product lodidorce and average labor
productivity modified by an energy-service costdieack elasticity. The labor force and
labor productivity are both exogenous inputs to iII&M, but were developed for these
scenarios from detailed demographic analysis.tiSgawith the underlying population
scenario, the labor force was estimated from agegender-specific labor force
participation rates applied to the relevant coha@msl then summed and adjusted by a
fixed unemployment rate. Trends were explicitiysidered, such as the increasing rate
of labor force participation by females in the UeSonomy, the aging of the “baby
boomers,” and evolving labor participation ratesliesher cohorts, reflecting the
consequences of changing health and survival rataigor force productivity growth
rates vary over time and across region to reprébese evolving demographics.

In MERGE and the EPPA component of the IGSM theldbrce and its productivity,
while extremely important, are not the only factdetermining GDP. Savings and
investment and productivity growth in other fact@g., materials, land, labor, and
energy) variously contribute as well. IGSM and MEHRuse population directly as a
measure of the labor force and apply assumptioostdhbor productivity change that
are appropriate for that definition.

2.2.3. Energy Demand

In all three models, energy demands are represeeggohally and driven by regional
economic activity. As a region’s economic activitgreases, its corresponding demand
for energy services rises. Energy demand is dfsotad by assumptions about changes
in technology, in the structure of the economy, enother economic conditions (see
Section 2.2.5). Similarly, all the models repreésbe way demand will respond to
changes in price. The formulation of price resgossarticularly important in the
construction of stabilization scenarios becausenip®sition of a constraint on carbon
emissions will require the use of more expensivargynsources with lower emissions
and will, therefore, raise the consumer price bfams of energy.

The demand for energy is derived from demandstfegrggoods and services in all three
IAMs. However, the models differ in the way thegrigde their energy demands. In the
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IGSM each good- or service-producing sector demandsgy. The production sector is
an input-output structure where every industryl(idng the energy sector) supplies its
outputs as inputs to intermediate production ireothdustries and for final consumption.
Households have separate demands for automobllarideor all other energy services.
Each final demand sector can use electricity, tiquels (petroleum products or biomass
liquids), gas, and coal; fuel for automobiles isited to liquids. MiniCAM is similar in
that each MiniCAM sector demands energy. Energiemanded by both final
consumers and transforming sectors. In MiniCAMerare three final energy
consumption sectors: buildings, industry and fpanswhich consume electricity and
refined energy products (coal, biomass, refinedididuels, methane and hydrogen). In
addition energy is demanded by energy producingefiiing sectors, power generators,
and hydrogen producers, whose demands in turnesineed from the demands arising in
the final energy consumption sectors. MERGEnslar to the IGSM except that its
inter-industry transactions are aggregated inioglesnon-energy production sector for
each region from which demands for fuels (oil, gasl and bioenergy) and electricity
are derived. The power generation sector’'s demtmmasergy are derived from the
economy’s demand for electricity.

2.2.4. Energy Resources

The future availability of energy resources, patacly of exhaustible fossil fuels, is an
important determinant of energy use and emissemtie models provide explicit
treatments of the underlying resource base. Addhnclude empirically based estimates
of in-ground resources of oil, coal, and natura tjat might ultimately be available,
along with a model of the costs of extraction. Tdeels of detail in the different models
are shown in Table 2.1. Each of the models indum#h conventional and
unconventional sources in its resource base andgenpts the process of exhaustion of
resources by an increasing cost of exploitatiohatTs, lower-cost resources are utilized
first so that the costs of extraction rise as #sources are depleted. The models differ,
however, in the way they represent the increasirsgsoof extraction. MiniCAM divides
the resource base for each fossil fuel into disageades with increasing costs of
extraction, along with an exogenous technical cbhahgt lowers resource extraction
costs over time. MERGE has similar differentisgddgs for oil and gas, but assumes that
the coal base is more than sufficient to meet pi@letlemmand and that exogenous
technological improvements in extraction will benimal. For these reasons, MERGE
represents coal as having a constant cost overitigspective of utilization. IGSM
models resource grades with a continuous functieparately identifying conventional
oil, shale oil, natural gas, and coal. Fuel-pradgsectors are subject to economy-wide
technical progress (e.g., increased labor proditygtwvowth), which partly offsets the

rise in extraction costs. The models all incorpmtar sands and unconventional gas
(e.g., tight gas, coal-seam gas) in the gradetstr@ior oil and natural gas, and each also
includes the potential development of shale oil.

The models seek to represent all resources théd beuavailable as technology and
economic conditions vary over time and across satiis. Thus, they reflect judgments
that technology will advance to the point whererently unused resources can be
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economically exploited. Generally, then, they defa resource base that is more
expansive than, for example, that of the U.S. Ggiodd Survey, which estimates
technological and economic feasibility only at emtrtechnology and prices. However,
differences exist in the treatments of potentialilable resources. MiniCAM includes
a detailed representation of the nuclear powepsgcicluding Uranium and Thorium
resources, nuclear fuel fabrication, reactor tetdgyoptions, and associated fuel-cycle
cycles, including waste, storage, and fuel reprsiogs IGSM and MERGE assume that
the uranium resources used for nuclear power geoerare sufficient to meet likely use
and, therefore, do not explicitly model their déejole.

The treatment of wind and solar resources alsemifimong the models. IGSM
represents the penalty for intermittent supply deling wind and solar as imperfect
substitutes for central station generation, whieeeetasticity of substitution implies a
rising cost as these resources supply a largee siialectricity supply. Land is also an
input, and the regional cost of wind/solar is basedstimates of regional resource
availability and quality. MERGE represents thessources as having a fixed cost that
improves over time, but it applies upper limitstba proportion of these resources,
representing limits on the integration of thes@ueses into the grid. MiniCAM
represents wind and solar technologies as extgaptmver from graded, regional,
renewable resource bases. Variation in resouraadnlity across diurnal and annual
cycles affects market penetration of these teclgieéo As wind and solar technologies
achieve larger fractions of the total power genenasystem, storage and ancillary power
production capacity are required in MiniCAM, whiichturn affects the cost of power
generation and technology choice.

IGSM and MiniCAM model biomass production as conmgtor agricultural land.
Increasing production leads to an increasing |lamd, representing the scarcity of
agricultural land, and, thus, to an increasing cbfiiomass as production expands.
MiniCAM also has a separate set of regional supyohgtions for biomass supplied from
waste and residue sources. MERGE places an uppeoh the amount of biomass
energy that might supply the electric and non-eleenergy sectors, but otherwise
assumes a fixed cost for biomass energy and alitevsass to compete unhindered in
the market.

2.2.5. Technology and Technological Change

Technology is the broad set of processes covemogvkow, experience and equipment,
used by humans to produce services and transf@ourees. In the three models
participating in this study the relationship betwdieings that are produced and things
that are used in the production process are repesenathematically. In the jargon of
the models, the relationship between things trepavduced and things that are used in
the production process is referred to as a prooudtinction.

The three modeling teams differed substantiallheir representation of technology
depending on their overall design objectives archbse data limitations and
computational feasibility force tradeoffs betweka inclusion of engineering detail and
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the representation of the interaction among theneadgs of a modern economy that
determines supply, demand, and prices (see Box 2.1)

Though all three of the models applied here folkotinybrid” approach to the
representation of energy technology, involving saii$al detail in some areas and more
aggregate representations in others, some of ieeshthat flow from the distinct design
of each can be seen in Table 2.1. They representjg demand, as described in Section
2.2.3, with the application of an autonomous eneffjgiency improvement (AEEI)
factor to represent non-price-induced trends inggnase. However, AEEI parameter
values are not directly comparable across the msdabdause each has a unique
representation of the processes that togetheriexpla multiple forces that have
contributed historically to changes in the energgmsity of economic activity. In IGSM
and MERGE, the AEEI captures non-price changesu@itg structural change not
accounted for in the models) that can be energygusither than energy-saving.
MERGE represents the AEEI as a function of GDP ginaw each region. MiniCAM
captures shifts among fuels through differing ineogtasticities, which change over
time, and separately represents AEEI efficiencygai

--- BOX 2.1: TOP-DOWN, BOTTOM-UP, AND HYBRID MODELI NG ---

The models used in energy and environmental asgessrare sometimes classified as
either top-down or bottom-up in structure, a didiion that refers to the way they
represent technological options. A top-down maels an aggregate representation of
how producers and consumers can substitute nompeimgauts for energy inputs, or
relatively energy-intensive goods for less energgnsive goods. Often, these tradeoffs
are represented by aggregate production functioby atility functions that describe
consumers’ willingness and technical ability to stithte among goods. The bottom-up
approach begins with explicit technological opticarsd fuel substitution or changes in
efficiency occur as a result of a discrete chamgenfone specific technology to another.
The bottom-up approach has the advantage of beleg@represent explicitly the
combination of outputs, inputs, and emissions pésyof capital equipment used to
provide consumer services (e.g., a vehicle modbldding design) or to perform a
particular step in energy supply (e.g., a coadfijpewerplant or wind turbine). However,
a limited number of technologies are typically ua#d, which may not well represent the
full set of possible options that exist in practiddso, in a pure bottom-up approach, the
demands for particular energy services are oftanadterized as fixed (unresponsive to
price), and the prices of inputs such as capddlol, energy and materials are exogenous.
On the other hand, the top-down approach expliambgdels demand responsiveness and
input prices, which usually require the use of oamus functions to model at least some
parts of the available technology set. The disathge of the latter approach is that
production functions of this form will poorly reent switch points from one technology
to another—as from one form of electric generatomanother, or from gasoline to
biomass blends as vehicle fuel. In practice, ts majority of models in use today,
including those applied in this study, are hybidghat they include substantial
technological detail in some sectors and more agdeerepresentations in others.

--- END BOX ---
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Other areas shown in the table where there ardismnt differences among the models
are in energy conversion—from fossil fuels or reabl& sources to electricity, and from
solid fossil fuels or biomass to liquid fuels oisgdn the IGSM, discrete energy
technologies are represented as energy supplyrsedntained within the input-output
structure of the economy. Those sources of fuadsedectricity that now dominate
supply are represented as production functions thiglreame basic structure as the other
sectors of the economy. Technologies that may playge role in the future (e.g., power
plants with carbon capture and storage or oil fetrale) are introduced as discrete
technologies using a production function strucsingilar to that for existing production
sectors and technologies. They are subject toogogtwide productivity improvements
(e.g., labor, land, and energy productivity), wheffect on cost depends on the share of
each factor in the technology production functiddERGE and MiniCAM characterize
energy-supply technologies in terms of discretanetogies. In MERGE, technological
improvements are captured by allowing for the idtrction of more advanced
technologies in future periods; in MiniCAM, the tasid performance of technologies
are assumed to improve over time and new techreddgecome available in the future.
Similar differences among the models hold for odwversion technologies, such as
coal gasification or liquefaction or liquids fronoass.

The entry into the market of new sources and feggls of production by region are
determined endogenously in all three models anérpn the relative costs of supply.
It should be emphasized that the models do noi@ttplrepresent the research and
development (R&D) process and how it leads to teethrchange through, for example,
public and private R&D, spillovers from innovationother economic sectors, and
learning-by-doing. A number of recent efforts h&deen made to incorporate such
processes and their effects as an endogenous cempafmmodeling exercises.
However, generally these studies have not beeneajal models of the complexity
needed to meet the requirements of this scenaoitupt.

Because of the differences in structure among thresiels, there is no simple
technology-by-technology comparison of performasice cost across particular sources
of supply or technical options. This situationstgifor a variety of reasons. First, cost is
an output of the three models and not an inputhdrthree models here technologies are
defined not in terms of some exogenously specifast, but rather in terms of a set of
parameters to a production function. The threeaisodiffer in many regards. Each
model defines the scope of a technology differen8gctoral definitions, technology
definitions, and data sources all vary acrosshiheetmodels. For example, one model
has a service sector while another has a buildiegor. There is then, no common
definition for technologies, technology descriptarsl hence for a set of comparable
costs. Readers interested in understanding deti@itdnology assumptions employed by
the two models are encouraged to consult the ddtadenario documentation for each of
the three modeling teams: [Insert references].

The influence of differing technology specificatsoand assumptions is evident in the
results shown in Chapters 3 and 4, with severthede features being particularly
notable. In the absence of any greenhouse gasypoibtor fuel is drawn ever more
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heavily from high-emitting sources—for example,foillm shale comes in under IGSM’s
resource and technology assumptions, but liqumis ftoal enter in MERGE and
MiniCAM. Furthermore, because each model assunskehmechanisms operate
efficiently, the marginal cost of reducing greenb®gas emissions—that is the cost of
reducing the last ton of greenhouse gas—is equaktprice of carbon in every
technology employed in every sector and in evepnty of the world. When
stabilization conditions are imposed, all modelgvslzarbon capture and storage taking a
key role over the study period. Nuclear power gbates heavily in MERGE and in
MiniCAM, whereas the potential role of this techogy is overridden in the IGSM
results by a scenario assumption of political eests on expansion. Finally, although
differences in emissions in the no-policy scenadntribute to variation in the projected
difficulty of achieving stabilization, alternatisssumptions about rates of technical
change in supply technologies also play a prominast

2.2.6. Land Use and Land Use Change

The models used in this study were developed ailyinvith a focus on energy and
fossil carbon emissions. The integration of theetgrial biosphere, including human
activity, into the climate system is less highlyveeped. Each model represents the
global carbon cycle, including exchanges with ttreasphere of natural vegetation and
soils, the effects of human land-use and respdonseasrbon policy, and feedbacks to
global climate. None represents all of these pssesponses and interactions, and the
level of detail varies substantially among the mied&or example, they differ in the
handling of natural vegetation and soils and inrtfesponses to C{roncentration and
changed climate. Furthermore, land-use practegs, (ow- or no-till agriculture, or
biomass production) and changes in land use @fgrestation, reforestation, or
deforestation) that influence GHG emissions ands#gpiestration of carbon in terrestrial
systems are handled at different levels of defaileed, improved two-way linking of
global economic and climate analysis with modelplofsical land use (land use
responding to climate and economic pressures aokihtate response changes in the
terrestrial biosphere) is the subject of ongoirggeech in these modeling groups.

In IGSM, land is an input to agriculture, biomassduction, and wind/solar energy
production. Agriculture is a single sector thag@gates crops, livestock and forestry.
Biomass energy production is modeled as a sepseater, which competes with
agriculture for land. Markets for agricultural gisoand biomass energy are international,
and demand for these products determines the gfriesad in each region and its
allocation among uses. In other sectors, returrspital include returns to land, but the
land component is not explicitly identified. Antipogenic emissions of GHGs
(importantly including CHand NO) are estimated within the IGSM model as functions
of agricultural activity and assumed levels of defbation. The response of terrestrial
vegetation and soils to climate change and (D€rease is captured in the Earth system
component of the model, which provides a detailedtinent of biogeochemical and
land-surface properties of terrestrial systemsweieer, the biogeography of natural
ecosystems and human uses remains unchanged ev@mihlation period, with the area
of cropland fixed to the pattern of the early 1998slance in the carbon cycle between
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ocean uptake, land-use and land-use change, amepogenic emissions is achieved in
the IGSM with an adjustment factor to assure thatrecent trend in atmospheric £0
increase is replicated. This adjustment factdest interpreted as what carbon uptake
due to forest regrowth must have been given theeseptation of terrestrial and ocean
systems in the IGSM. The need for such an adjustfaetor reflects the continuing
scientific uncertainty in the carbon cycle; i.eithwfossil emissions and concentrations
relatively well-known, the total uptake is knownt Itlie partitioning of the uptake
between terrestrial and ocean systems is uncgdainsee Sabirgt al, 2004). IGSM
does not simulate carbon price-induced changearbioa sequestration (e.qg.,
reforestation, tillage) and change among land-ysestin EPPA is not fed to the
terrestrial biosphere component of the IGSM.

The version of MERGE used here incorporates a aktgirestrial biosphere across all
scenarios. That s, it is assumed that the nete@€hange with the atmosphere by
natural ecosystems and managed systems—the latteding agriculture, deforestation,
afforestation, reforestation and other land-usexgha—sums to zero.

MiniCAM includes a model that allocates the landaain a region among various
components of human use and unmanaged land—witigekan allocation over time in
relation to income, technology and prices—and estithe resulting G&missions (or
sinks) that result. Land conditions and associataeisions are parameterized for a set
of regional sub-aggregates. The supply of prinaapycultural production (four food
crop types, pasture, wood, and commercial biomassinulated regionally with
competition for a finite land resource based onaverage profit rate for each good
potentially produced in a region. In stabilizatssenarios, the value of carbon stored in
the land is added to this profit, based on theay@icarbon content of different land uses
in each region. This allows carbon mitigation pi@s to explicitly extend into land and
agricultural markets. The model is solved by d¢tepa global market for primary
agricultural goods and regional markets for pastlriee biomass market is cleared with
demand for biomass from the energy component ofrth@el. Exogenous assumptions
are made for the rate of intrinsic increase in@gtural productivity although net
productivity can decrease in the case of expardi@gricultural lands into less
productive areas (Sands and Leimbach 2003). Ungeahand can be converted to
agro-forestry, which in general results in net;@missions from tropical regions in the
early decades. Emissions of non-G&HGs are tied to relevant drivers, for example,
with CH, from ruminant animals related to beef productidhiniCAM thus treats the
effects on carbon emissions of gross changes thudaa (e.g., from forests to biomass
production) using an average emission factor fehswonversion. The pricing of carbon
stocks in the model provides a counterbalanceaeasing demand for biomass crops in
stabilization scenarios.

2.2.7. Emissions of CQ and Non-CO, Greenhouse Gases
In all three models, the main source of £issions is fossil fuel combustion, which is

computed on the basis of the carbon content of eatite underlying resources: oil,
natural gas, and coal. Special adjustments are moagccount for emissions associated
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with the additional processing required to coneedl, tar sands, and shale sources into
products equivalent to those from conventional Qther industrial C@emissions also
are included, primarily from cement production.

As required for this study, all three models alsdude representations of emissions and
abatement of Cl N,O, HFCs, PFCs, and $fplus aerosols and other substances not
considered in this study). The models use somediffatent approaches to represent
abatement of the non-GGHGs. The IGSM includes the emissions and abatement
possibilities directly in the production functiookthe sectors that are responsible for
emissions of the different gases. Abatement piisigib are represented by substitution
elasticities (i.e., the degree to which one faofgoroduction can be substituted for
another) in a nested structure that encompassemngasions and other inputs,
benchmarked to reflect bottom-up studies of abatémpetential. This construction is
parallel to the representation of fossil fuels fadquction functions, where abatement
potential is similarly represented by the subgbttutlasticity between fossil fuels and
other inputs, with the specific set of substitui@overned by the nest structure.
Abatement opportunities vary by sector and region.

In MERGE, methane emissions from natural gas usdéeat directly to the level of
natural gas consumption, with the emissions rateedsing over time to represent
reduced leakage during the transportation procssi-energy sources of GH\,O,
HFCs, PFCs, and Skare based largely on the guidelines provided byghergy

Modeling Forum (EMF) Study No. 21 on Multi-Gas Mgition and Climate Change
(Weyant and de la Chesnaye 2005). The EMF develbpseline projections from 2000
through 2020. For all gases buiONand CQ, the baseline for beyond 2020 was derived
by extrapolation of these estimates. Abatemerttfoostions for these two gases are
also based on EMF 21, which provided estimateh@fbatement potential for each gas
in each of 11 cost categories in 2010. These af@tecost curves are directly
incorporated in the model and extrapolated aftdl0Z0llowing the baseline. There is
also an allowance for technical advances in abatemeer time.

MiniCAM calculates emissions of GHN,O, and seven categories of industrial sources
for HFCs, PFCs, and SFEmMissions are determined for over 30 sectors, dnetufossil

fuel production, transformation, and combustiowlustrial processes; land use and land-
use change; and urban emissions. For detailSregé (2005) and Smith and Wigley
(2006). Emissions are proportional to driving &astappropriate for each sector, with
emissions factors in many sectors decreasing awerdaccording to an income-driven
logistic formulation. Marginal abatement cost (MPA€irves from the EMF-21 exercise
are applied, including shifts in the curves for nagte due to changes in natural gas
prices. Any “below zero” reductions in MAC curvae assumed to apply in the
reference scenario.

2.3. Earth Systems Component

The Earth system components of the models sergenpute the response of the
atmosphere, ocean, and terrestrial biosphere teseans and increasing concentrations
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of GHGs and other substances. Representatioresé tbrocesses, including the carbon
cycle (see Box 2.2, is necessary to determine @nispaths consistent with stabilization
because these systems determine how long eachsa flubstances remains in the
atmosphere and how it interacts in the modificatbthe Earth’s radiation balance.
Each of the models includes such physical-chentizdbgical components, but differs
from the other models in the level of detail incangted. The most elaborated Earth
system components are found in the IGSM (Sokol@at.e2005), which falls in a class of
models classified asdeth System Mdels of htermediate @mplexity, or EMICs
(Claussen et al. 2002) These are models thdvéaeen the full three-dimensional
atmosphere-ocean general circulation models (AOGGMd energy balance models
with a box model of the carbon cycle. The Eartstesmn components of MERGE and
MiniCAM fall in the class of energy balance/carbmytle box models. Table 2.1 shows
how each of the models treat different componehtseEarth systems.

--- BOX 2.2: THE CARBON CYCLE ---

Although an approximate atmospheric “lifetime” @rsetimes calculated for GQthe
term is potentially misleading because it impliesttCQ put into the atmosphere by
human activity always declines over time by sonablstremoval process. In fact, the
calculated concentration of G@8 not related to any mechanism of destructiorgven to
the length of time an individual molecule spendthimatmosphere, because 49
constantly exchanged between the atmosphere astitfaee layer of the ocean and with
vegetation. Instead, it is more appropriate toklabout how the quantity of carbon that
the Earth contains is partitioned between stocke-gfound fossil resources, the
atmosphere (mainly as GQsurface vegetation and soils, and the surfadedaep layers
of the ocean. When stored €0 released into the atmosphere, either from lfossi
terrestrial sources, atmospheric concentrationgase, leading to disequilibrium with
the ocean, and more carbon is taken up than ie@dysdck. For land processes,
vegetation growth may be enhanced by increasesnospheric C@ and this change
could augment the stock of carbon in vegetationsamild. As a result of the ocean and
terrestrial uptake, only about half of the carbarrently emitted remains in the
atmosphere and over millennial time scales oceangdacontinue to remove carbon
until a large fraction, presently about 80 percemtld ultimately be removed to the
oceans leaving about 20 percent as a permanepgs®in the atmospheric €O
concentration. But this large removal only ocdugsause current levels of emissions
lead to substantial disequilibrium between atmosphed ocean. Lower emissions
would lead to less uptake, as atmospheric cond@risacome into balance with the
ocean and interact with the terrestrial systensingitemperatures themselves will
reduce uptake by the ocean, and will affect terigstegetation uptake, processes that
the models in this study variously represent.

An important policy implication of these carbon-&y/processes as they affect
stabilization scenarios is that stabilization ofi€ions at anything like today’s level will
not lead to stabilization of atmospheric concemdret. CQ concentrations were
increasing in the 1990s at just over 3 ppmv per,y@aannual increase of 0.8 percent.
Thus, even if societies were able to stabilize siis at current levels, atmospheric
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concentrations of CQwould continue to rise. As long as emissions egddée rate of
uptake, even very stringent abatement will onlywslbe rate of increase.
--- END BOX ---

The IGSM has explicit spatial detail, resolving #imosphere into multiple layers and by
latitude, and includes a terrestrial vegetation eh@dth multiple vegetation types that

are also spatially resolved. A version of the IG&Nh a full three-dimensional ocean
model was used for this study, and it includes temrajure dependent uptake of carbon.
The IGSM models atmospheric chemistry, resolvedusgply for urban (i.e., heavily
polluted) and background conditions. Processdsbae carbon into or out of the
ocean and vegetation are modeled explicitly. G886 models natural emissions of
CH4 and NO, which are weather/climate-dependent. The miogkides a radiation

code that computes the net effect of atmosphenceamtrations of the GHGs studied in
the scenarios considered below. Also includetiéngiobal forcing is the effect of
changing ozone and aerosol levels, which resutt fpoojected emissions of methane and
non-GHGs, such as N@nd volatile organic hydrocarbons, SOx, black carland

organic carbon from energy, industrial, agricultuaad natural sources.

MERGE's physical Earth system component is embedudé#te intertemporal

optimization framework, thus allowing solution af aptimal allocation of resources
through time, accounting for damages related toate change, or optimizing the
allocation of resources with regard to other caists such as concentrations,
temperature, or radiative forcing. In this stutthg second of these capabilities is applied,
with a constraint on radiative forcing (see ChagderIn contrast, the IGSM and

MiniCAM Earth system models are driven by emissiaasimulated by the economic
components. In that regard, they are simulatiatigser than optimization models.

The carbon cycle in MERGE relates emissions to eotrations using a convolution
ocean carbon-cycle model and assuming a neutrspbaye (i.e., no net G@xchange).
It is a reduced-form carbon cycle model developetMbier-Reimer and Hasselmann
(1987). Carbon emissions are divided into fivessés, each with different atmospheric
lifetimes. The behavior of the model compares fality with atmospheric
concentrations provided in the IPCC’s Third AssessiniReport (2001) when the same
SRES scenarios of emissions are simulated in tredeh{dakicenovic et al. 2000).
MERGE models the radiative effects of GHGs usirgti@ships consistent with
summaries by the IPCC, and applies the median aldarsing from Wigley and Raper
(2001). The aggregate effect is obtained by sumriiagadiative forcing effect of each
gas.

MiniCAM uses the MAGICC model (Wigley and Raper 20@002) as its biophysical
component. MAGICC is an energy-balance climate ehtthat simulates the energy
inputs and outputs of key components of the clirsggem (sun, atmosphere, land
surface, ocean) with parameterizations of dynamocgsses such as ocean circulations.
It operates by taking anthropogenic emissions filmenother MiniCAM components,
converting these to global average concentratifmmggseous emissions), then
determining anthropogenic radiative forcing relatio pre-industrial conditions, and
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finally computing global mean temperature changiése carbon cycle is modeled with
both terrestrial and ocean components: the tel@eéstbomponent includes GO

fertilization and temperature feedbacks; the o@@amponent is a modified version of the
Maier-Reimer and Hasselmann (1987) model thatialdades temperature effects on
CQO,uptake. Net land-use change emissions from theéQWN'’s land-use change
component are fed into MAGICC so that the globaboa cycle is consistent with the
amount of natural vegetation. Reactive gaseslagidinteractions are modeled on a
global-mean basis using equations derived fromltestiglobal atmospheric chemistry
models (Wigley and Raper 2002).

In MiniCAM, global mean radiative forcing for GOCH,, and NO are determined from
GHG concentrations using analytic approximatiofRercings for other GHGs are taken
to be proportional to concentrations. Forcingsa@rosols (for sulfur dioxide and for
black and organic carbon) are taken to be propmatito emissions. Indirect forcing
effects, such as the effect of £bh stratospheric water vapor, are also includenten
radiative forcing, global mean temperature chargesietermined by a multiple box
model with an upwelling-diffusion ocean componenhe climate sensitivity is specified
as an exogenous parameter. MAGICC's ability toadpce the global mean
temperature change results of atmosphere-oceamageireulation models has been
demonstrated (Cubasch et al. 2001, Raper and Gregod.).

Although aerosols and ozone are not included irctimeputation of the radiative forcing
targets that are the focus of these scenariosateegonetheless included in the
simulations as noted above. That is, the targkatiae forcing levels identified in Table
1.2, and the radiative forcing levels reportedubhsequent chapters, account for only that
part of radiative forcing due to those GHGs covdrgdhe target. The models can
simulate total radiative forcing including additapositive forcing from ozone and dark
aerosols and negative forcing from sulfate aerosdsshown by Prinet al. (2006),

even for very large changes in emissions relatedese substances the temperature
effect is small, in large part because aerosolsoaonde have offsetting cooling and
warming effects. To the extent temperature is &by these substances, however, they
have a small, indirect influence on the resultsabse trace gas cycles are climate-
dependent. For example, climate affects vegetaimhocean temperature and thus
carbon uptake, and natural emissions of,@rtd NO and the lifetime of Cldalso

depend on climate. Because the net effect of thalsstances on temperature is small,
the feedback effect on trace gas cycles also issmall. However, to the extent these
feedbacks are represented in the models as discabsge, they are included in the
calculation of required emissions reduction becdliséemperature paths, while not
reported here, are simulated in the models andtatfe reported carbon and other gas
concentrations. By the same token, the Montres¢gjavhich are being phased out, are
nonetheless included in these models and exert sdlnence on temperature.

We note here that while the models have capalsilibeevaluate to varying degrees
climate change effects, the Prospectus limiteddbes of this report to emissions
scenarios. Additional CCSP products will focustlom climate consequences of
changing concentrations and the attendant impdcisamging climate on ecosystems
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and the economy. One aspect of this division efftoblem is that the three models
employed in this exercise are not fully closed.tiNew exceptions, these three models
do not include the consequences of such feedb&egtefis temperature on heating and
cooling degree days, local climate change on algui@l productivity, a CQfertilization
effect on agricultural productivity (though a gfertilization effect is included in the
terrestrial carbon cycle models employed by IGSM BiniCAM), climate effects of
water availability for applications ranging fromoprgrowing to power plant cooling. We
leave such improvements to future research.
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Table 2.1 Characteristics of the Integrated Assement Models

Feature IGSM & EPPA MERGE MiniCAM
economics component
Regions 16 9 14
Time Horizon, Time Steps| 2100, 5-year steps 2208ehr steps 2095, 15-year steps

Model Structure

General Equilibrium

General Equilim

Partial Equilibrium

Solution

Recursive Dynamic

Intertemporal Optimiaati

Recursive Dynamic

Final Energy Demand
Sectors in Each Region

Households, private
transportation, commercia
transportation, service
sector, agriculture, energy
intensive industries, other
industry

A single non-energy
production sector

Buildings, transportation,
industry (including
agriculture)

Capital Turnover

Five vintages of capital
with a depreciation rate

A “putty clay” approach
wherein the input-output
coefficients for each cohort
are optimally adjusted to
the future trajectory of
prices at the time of
investment

Vintages with constant
deprecation rate for all
electricity-sector capital,
capital structure not
explicitly modeled in other
sectors

Goods in International
Trade

All energy and non-energy|
goods, emissions permits

Energy, energy intensive
industry goods, emissions
permits, representative
tradeable good.

Qil, coal, natural gas,
biomass, agricultural
goods, emissions permits

Emissions C@ CH;,, N,O, HFCs, CO,, CH,, N,O, long-lived | CO,, CH,, N,O, CO, NOX,
PFCs, SE CO, NOx, SOx,| F-gases, short-lived F- SO, NMVOCs, BC, OC,
NMVOCs, BC, OC, NH gases, SOx HFC245fa, HFC134a,
HFC125, HFC143a, SF
C,Fs, CRy
Land use Agriculture (crops, Reduced-form emissions | Agriculture (crops,
livestock, forests), biomas$ from land-use. No explicit| pasture, forests) &
land use, land use for land use sector. Assume || biomass land use and
wind/solar no net terrestrial emissiong unmanaged land. The
of CO, agriculture-land-use
module directly
determines land-use
change emissions and
terrestrial carbon stocks.
Population Exogenous Exogenous Exogenous
GDP Growth Exogenous productivity | Exogenous productivity Exogenous productivity

growth assumptions for
labor, energy, land;
exogenous labor force
growth determined from
population growth;
endogenous capital growth
through savings and

growth assumptions for
labor, energy; exogenous
labor force growth
determined from
population growth;
endogenous capital growth
through savings and

growth assumptions for
labor; exogenous labor
force growth based on
population demographics

investment investment
Energy Efficiency Change Exogenous Proportionaléte of Exogenous
GDP growth in each
region
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Energy Resources

Qil (including tar sands)
shale oil, gas, coal,
wind/solar, land (biomass)
hydro, nuclear fuel

Conventional oil,
unconventional oil (coal-
based synthetics, tar sang
and shale oil), gas, coal,
wind, solar, biomass,
hydro, nuclear fuel

Conventional oil,
unconventional olil
s(including tar sands and
shale oil), gas, coal, wind,
solar, biomass
(waste/residues, & crops),
hydro, nuclear fuel
(Uranium and Thorium)
including a full
representation of the
nuclear fuel cycle.

Electricity Technologies

Conventional fossil (coall
gas, oil); nuclear, hydro,
natural gas combined cyclg
w/ & w/o capture,
integrated coal gasificatior]
with capture, wind/solar,
biomass

Conventional fossil (coal,
gas, oil); nuclear, hydro,
natural gas combined cycl
integrated coal gasificatior]
with capture, wind, solar,
biomass, fuel cells

Conventional fossil (coal,
gas, oil) w/ & w/o capture;

2 |IGCCs w/ & w/o capture;
natural gas combined cycl
(NGCC) w/ & w/o
capture; Gen Il, lll, and IV
reactors and associated
fuel cycles, hydro, wind,
solar, biomass (traditional
& modern commercial)

D

Conversion Technologies

Qil refining, coal
gasification, bio-liquids

Qil refining, coal
gasification and
liquefaction, bio-liquids,
electrolysis

Qil refining, natural gas
processing, natural gas to
liquids conversion, coal,
and biomass conversion, {
synthetic liquids and
gases. Hydrogen
production using liquids,
natural gas, coal, biomass
electrolysis including
direct production from
wind and solar, and
nuclear thermal
conversion.

(=]

Atmosphere- Ocean

2-Dimensional
Atmosphere w/ a 3
Dimensional Ocean
General Circulation
Model, resolved at 20
minute time steps, 4°
latitude, 4 surface types,
12 vertical layers in the
atmosphere.

Global multi-box energy
balance model with
upwelling-diffusion ocean
heat transport.

Carbon Cycle

Biogeochemical models ¢f
terrestrial and ocean
processes, depend on
climate/atmospheric
conditions with 35
terrestrial ecosystem types

Globally balanced carbon-
cycle with separate ocean
and terrestrial components
with terrestrial response td
land-use changes

Natural Emissions

CK N,O,weather/climate
dependent as part of
biogeochemical process
models

Fixed natural emissions
over time

Atmospheric fate of
GHGs, pollutants

Process models of
atmospheric chemistry
resolved for urban &
background conditions

Reduced form models for
reactive gases and their
interactions

Radiation Code

Radiation code accounting

for all significant GHGs
and aerosols

Reduced form, top of the
atmosphere forcing
including indirect forcing

effects
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3. REFERENCE SCENARIOS

3. REFERENCE SCENARIOS ...ttt ieeeeeeiiriirrrrereereeeeeeeaaaeeaaaaaasesnnnnnns 1
I 2% I 11 Yo [§ Tox 1o [P O U P PP PP PPPPPRPPR 1
3.2, SOCIO-ECONOMIC ASSUMPLIONS .....uvvvveetmmmmmmn e e e eeeeeeeeeiiiiiniiae s e e e e e e e e e e e eeeeas 3
3.3. Energy Use, Prices, and TechnNolOgy ....ccccceeerrruiiiiiiiiiiiieeeeeeeeeeeeeeviiiiiees 6

3.3.1. The Evolving Structure of ENergy USE .. cvveeeiiiiiiiiiiiiiiiieeeeeeeeeeee 7
3.3.2.  Trends in FUEI PIICES .....cooiiiiiiii ettt 10
3.3.3. Electricity Production and Technology ..........cccoooviiiiiiiiiiiiiiiiiiiiiiinnns 11
3.3.4. NON-EIeCtriC ENErgy USE ........ciiiiiicceeeeeiiee e 12
3.4. Land Use and Land-Use Change ........coccceeeeeiiiiiinn e 13
3.5. Emissions, Concentrations, and Radiative BQrei............ccceevvvvvvvvinicnnnnnnn. 14
3.5.1. Greenhouse Gas EMISSIONS............cummmmmmseeseeeeeeeeeeeeeeeeeeeeesneennnnnn L4
3.5.2.  The Carbon Cycle: Net Ocean and Terresix@lUptake ..................... 19
3.5.3. Greenhouse Gas CoNCeNtratioNS ......ccccccoevvviiiiiiiieiiiiiie e 19
3.5.4. Radiative Forcing from Greenhouse GaSeS . ccoeveeeeeeeeeeeereeereinnnnns 20
3.6, REMEIENCES ...t ee e e 21

Reference scenarios for all three models show fsogmit growth in energy use
and continued reliance on fossil fuels, leadingmancrease in C@emissions
3% times the present level by 2100. When combwtadncreases in the non-
CO, greenhouse gases and net uptake by the oceareardttial biosphere, the
result is that radiative forcing at the end of tentury is 6.4 to 8.6 W/nabove
the pre-industrial level.

3.1. Introduction

This chapter introduces the reference scenariosloleed by the three modeling groups.
These scenarios are plausible future paths, ndigii@ns, for by the very nature of their
construction they lack the features of “best-guéssEcasts. For example, they assume
that in the post-2012 period existing measuresitiiesss climate change expire and are
never renewed or replaced—an unlikely occurrenaghdR, they have been developed as
points of departure to highlight the implications €énergy use and other human activities
of the stabilization of radiative forcing. Eachtb& modeling teams could have created a
range of other plausible reference scenarios byinmgassumptions about rates of
economic growth, the cost and availability of aledive energy options, assumptions
about non-climate environmental regulations, antbet.

Other than to standardize reporting conventionsgradnhouse gas (GHG) emissions
mitigation policies (or lack thereof), the threedrbng teams developed their reference
scenarios independently as each judged appropietaoted in Chapter 2, the three
models were developed with somewhat different nabdesign objectives. They differ
in (a) their inclusiveness, (b) their specificasmf key aspects of economic structure,
and (c) their choice of values for key parametdisese choices then lead to different
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characterizations of the underlying economic angspal systems that these models
represent.

Moreover, even if the models were identical in ctnte the independent choice of key
assumptions should lead to differences among sosnafor example, as will be
discussed, the reference scenarios differ in gpacification of the technical details of
virtually every aspect of the future global enesggtem, ranging from the cost and
availability of oil and natural gas to the prospgefcr nuclear power. These differences
affect future reference emissions and the natudecast of stabilization regimes.

Finally, the modeling teams did not attempt to hamime assumptions about non-climate-
related policies. Such differences matter botthéreference and stabilization scenarios.
For example, the MiniCAM reference assumes a lagffect of methane emission-
control technologies deployed for economic reasahs;h results in lower reference
scenario methane emissions than the other mo&etsilarly, the IGSM modeling team
assumed that non-climate concerns would limit #yglayment of nuclear power, while
the MERGE and MiniCAM models assumed that nucleavgy would be allowed to
participate in energy markets on the basis of gneogt alone.

This variation in modeling approach and assumptismmse of the strengths of this
exercise, for the resulting differences acrossages can help shed light on the
implications of differing assumptions about the ikay forces may evolve over time. It
also provides three independent starting pointsdoisideration of stabilization goals.

Although there are many reasons to expect thahtiee reference scenarios would be
different, it is worth noting that the modeling tesmet periodically during the study
process, to review progress and to exchange intomaThus, while not adhering to
any formal protocol of standardization, the threference scenarios are not entirely
independent either.

Development of a reference scenario involves thbaghtion of one path from among a
range of uncertain outcomes. Thus, it should bién emphasized that the three
reference scenarios were not designed in an attengpian the full range of potential
future conditions or to shed light on the proba&pitif the occurrence of future events.
That is a much more ambitious undertaking tharotiereported here.

The remainder of this chapter describes the reéerenenarios developed by the three
modeling teams working forward from underlying @ns to implications for radiative
forcing. (Chapter 4, on the other hand, proceedisearother direction, imposing the
stabilization levels on radiative forcing and expig the implications.) Section 3.2
begins with a summary of the underlying socio-eomiccassumptions, most notably for
population and economic growth. Section 3.3 disesshe evolution of the global
energy system over the twenty-first century indbsence of additional GHG controls
and discusses the associated prices of fuels.efiégy sector is the largest but not the
only source of anthropogenic GHG emissions. Afspartant is the net uptake or release
of CO; by the oceans and the terrestrial biosphere.id®e8t4 shows how the three
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models handle this aspect of the interaction of &uactivity with natural Earth systems.
Section 3.5 then shows the estimates of anthropogemssions, taking into account
both the energy sector and other sources, sudy@siiéure and various industrial
activities. The section draws together all them@ous components to present reference
scenarios of the consequences of anthropogeniciemssand the processes of £LO
uptake and non-C{as destruction for the ultimate focus of the stidsnospheric
concentrations and global radiative forcing.

3.2.  Socio-Economic Assumptions

GHGs are a product of modern life. Population E@se and economic activity
are major determinants of the scale of human aawiand ultimately of
anthropogenic GHG emissions. The reference scesairie similar in that both
population and economic activity are assumed tdinae to grow to the end of
the century. Global population is projected tcerfsom 6 billion in the year 2000
to between 8.6 and 9.9 billion in 2100 in the threference scenarios.
Developed nations are assumed to continue to exfredeconomies at
historical rates, and developing nations are assditeemake significant progress
toward improved standards of living.

Reference scenarios are grounded in a larger deploigrand economic story. Each
uses population as the basis for developing esteraitthe scale and composition of
economic activity for each region. For populatassumptions, the IGSM modeling team
adopted a regionally detailed U.N. projectiontfog period 2000-2050 (United Nations
2001) and then extended this projection to 2100gugiformation from a longer-term
U.N. study (United Nations 2000). The MiniCAM assutions are based on a median
scenario by the United Nations (United Nations 3Q0% a Millennium Assessment
Techno-Garden Scenario from the International timgtifor Applied Systems Analysis
(O’'Neal 2005). Near-term population assumptiondM&RGE come from the Energy
Information Administration’dnternational Energy Outlook

Table 3.1. Population by Region across Models,

Regional populations are given in Table 3.1. Pamrancreases substantially across the
reference scenarios by the end of the centuryalbof the scenarios portray the
population growth rate as slowing to near zermiftarning negative by the end of the
century. As a result, by 2050 more than 75% ofredichange between the year 2000 and
2100 has occurred. A demographic transition fragh birth and death rates to low
death rates and eventually to low birth ratesfesadure of most demographic projections,
reflecting assumptions that birth rates will deelio replacement levels or below. For
some countries, birth rates are already below cephent levels, and just maintaining
these levels will result in population decline fbese countries. A key uncertainty in all
demographic scenarios is whether a transitiongs tlean replacement levels is a more or
less permanent feature of those countries whérasibccurred, and whether such a
pattern will be repeated in other countries.
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The differences among the scenarios lie in nuaot#ss pattern. The MiniCAM
reference scenario exhibits a peak in global pajmuaround the year 2070 at slightly
more than 9 billion people, after which the popolatdeclines to 8.6 billion. MERGE
and IGSM, on the other hand, both employ demogcagtenarios in which global
population stabilizes but does not decline durlng tentury. By 2100 populations range
from 8.6 to 9.9 billion across the scenarios, amaase of 42 to 64% from the 6 billion on
Earth in 2000. In total the difference betweendbmographic scenarios is relatively
small: they differ by only 3% in 2030 and by lelsart 10% until after 2080.

Figure 3.1.  World and U.S. Population across Refeeécenarios

The variation in population among the models istgefor the U.S. than for the globe.
The U.S. population, in the right panel of Figurg, 3ncreases from about 280 million in
the year 2000 to between 335 million and 425 mully 2100. Although the MiniCAM
global population is lowest of the three scenaina®100, it is the highest for the U.S.
The higher U.S. population in MiniCAM compared be tother models can be traced to
different assumptions about net migration.

As discussed in Chapter 2, gross domestic prod:ioP(), while ostensibly an output of

all three models, is in fact largely determinedalsgumptions about labor productivity
and labor force growth, which are model inputs.n&lof the three modeling teams began
with a GDP goal and derived sets of input factbed twould generate that level of
activity. Rather, each began with assessments @odential growth rates in labor
productivity and labor force and used these, thinadifering mechanisms, to compute
GDP. In MiniCAM, labor productivity and labor fagg@rowth are the main drivers of
GDP growth. In MERGE and IGSM, savings and investirand productivity growth in
other factors (e.g., materials, land, and energgjrdoute as well. All three models

derive labor force growth from the underlying asptions about population.

The alternative scenarios of population and praditgtgrowth lead to differences
among the three reference scenarios in U.S. GDRtlgr@as shown in Figure 3.2. There
is relatively little difference among the thregéidories through the year 2020. After
2020, however, the scenarios diverge with the lbwesnario (MERGE) having US GDP
roughly half of that of the highest scenario (IGSb)the end of the century. The IGSM
labor productivity growth assumptions for the Uafere the highest of the three and its
U.S. population was also relatively high, as seefRigure 3.1. The relatively lower labor
productivity growth assumptions used in the MER@GH ®iniCAM reference scenarios
lead to lower levels of GDP. The lower populatggowth assumptions employed in the
MERGE reference scenario give it the lowest GDRll@v2100.

Figure 3.2.  U.S. Economic Growth across Referemen&ios

Table 3.2 shows GDP across regions in the threeeiefe scenarios. The absolute levels
of GDP increase are the result of relatively srddferences in rates of per capita growth.
Although difficulties arise in comparisons of GD&@ss countries (see Box 3.1), the
growth rates underlying these scenarios are ugefathpared with historical experience.
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Table 3.3 presents long-term growth rates frommstacted data showing that
consistent rapid growth is a phenomenon of indaistgtion, starting in the 1800s in
North America and Europe and gradually spreadingjhter areas of the world. By the
end of the period 1950 to 1973, it appeared treaptienomenon of rapid growth had
taken hold in all major regions of the world. S#k973, it has been less clear to what
degree that conclusion holds. Growth slowed inlfhi£0s in most regions, the important
exceptions being China, India, and several SouthEast Asian economies. In Africa,
Latin America, Eastern Europe, and the former Sdvieon, growth slowed in this
period to rates more associated with pre-indudinags.

Table 3.2. Reference GDP for Key Regions
Table 3.3. Historical Annual Average Per CapitaRaBrowth

--- BOX 3.1: Exchange Rates and Comparisons of Relcome among Countries ---
Models used in this type of exercise typically egant the economy in real terms,
following the common assumption that inflation ipuely monetary phenomenon that
does not have real effects, but issues occur irpaoimg income across regions in terms
of what currency exchange rates are most apprepriftie models do not represent the
factors that govern exchange rate determinationsarmhnnot project changes.
However, modeling international trade in goods nexgueither an exchange rate or a
common currency. Rather than separately modelagn@s in native currencies and use
a fixed exchange to convert currencies for tralde giguivalent and simpler approach is
to convert all regions to a common currency at agemarket exchange rates (MER) for
the base year of the model.

At the same time, it is widely recognized that gsmarket exchange rates to compare
countries can have peculiar implications. Countmnigght start with a larger GDP than
country B when converted to a common currency usiagyear’'s exchange rates, and
grow faster in real terms than B, yet could lateveéha lower GDP than B using exchange
rates in that year. This paradoxical result casuod A’s currency depreciates relative to
B’s. Depreciation and appreciation of currencig20 to 50% over just a few years is
common, so the example is not extreme. Interestaking cross-country comparisons
that are not subject to such peculiarities hasdetbvelopment of indices of international
purchasing power. A widely used index is purchggawer parity (PPP), whose
development was sponsored by the World Bank. Bp@inhdices have the advantage of
being more stable over time and are thought tebegflect relative living standards
among countries than MER. Thus, analysts drawamgp@arisons among countries have
found it preferable to use PPP-type indices ratm@n MER. Although the empirical
foundation for the indices has been improving,tte®ry for them remains incomplete,
and thus there is a limited basis on which chang&$PP can be projected into the future.
Some hypothesize that differences close as reaimegaps narrow, but the evidence for
this outcome is weak, in part due to data limitagio

Controversy regarding the use of MER arose arobhedpecial Report on Emissions
Scenarios (SRES) produced by the IPCC (NakiceramvitSwart, 2001) because they
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were reported to model economic convergence amoumgtices, yet reported results in
MER. Assessing convergence implies a cross-cowatmyparison, but that would only
be strictly meaningful if MER measures were comddbr a country’s real international
purchasing power. In developing the scenarioshisrexercise, no assumptions were
made regarding convergence. Growth prospects tued parameters for the world’s
economies were assessed relative to their ownrltgtperformance. The models are
parameterized and simulated in MER, as this isisterg with modeling of trade in
goods. To the extent GDP estimates are providediars are strongly cautioned against
making international comparisons; for example, eylebal GDP for an historical period
will differ if exchange rates of different yearsearsed.

-- END BOX --

With this historical experience as background,difierences among the models in GDP
growth can be explained. Demographic trends, sigwobpulation and labor force
growth, are responsible for a gradual slowing adralft GDP growth in all three models,
and generally slower growth rates than in theha#tof the twentieth century. With
respect to the developed countries, the IGSM paitacancome growth rate for the U.S.
is about the average for North America for the ei950-2000. The lower growth for
the MiniCAM reference reflects an assessment thaging population will lead to lower
labor force participation, and the result of thesrabgraphic maturation is a lower future
rate of per capita GDP growth compared to histayS. growth rates in the MERGE
reference scenario are similar to those of MiniCAM.

GDP growth patterns for Western Europe and Japaasianilar to one another within
reference scenarios but vary across models. TBdMI@&ference scenario follows the
post World War Il trend in per capita GDP growtht MiniCAM and MERGE

anticipate a break from the trend with lower pgitzagrowth in GDP as a consequence
of changes in underlying demographic trends. Aghe US, the MiniCAM results for
other developed regions reflect a decline in awetalgor force participation as
populations age, resulting in lower growth in papita GDP compared to the IGSM
reference scenario. The MERGE GDP growth patgesmilar to that of MiniCAM.

The scenarios for developing regions show greatireinces from historical experience.
Notably, all three modeling groups show consistgatvth in many non-OECD regions
at rates experienced by “industrializing” countriésowever, growth rates are not
homogeneous. Growth in China and India is genehadjher than for regions such as
Latin America and Africa, as it has been in readades. The IGSM results for non-
OECD regions show somewhat less growth compardtetMiniCAM and MERGE
scenarios. These are just one set of possibletgnorespects from each modeling group
and are not intended to be expressions of whaetras view as desirable performance.
Clearly, more rapid growth in developing countriégiains spread to lower income
groups within these regions, could be the basigiproving the outlook for people in
these areas.

3.3. Energy Use, Prices, and Technology
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Global primary energy consumption expands draméicaser the century in all
three reference scenarios, growing to between 34atighes its 2000 level of
roughly 400 EJ. This growth is the net result @babination of forces including
rising economic activity, increasing efficiencyeoiergy use and changes in
energy consumption patterns. Growth in per-capitargy consumption occurs
despite a continuous decline in the energy intgradieconomic activity. The
improvement in energy intensity reflects, in passumptions of substantial
technological change in all three reference scepsri

Fossil fuels provided almost 90% of the energy Bujpthe year 2000 and
remain the dominant energy source in all three ades throughout the twenty-
first century despite a phase-out of conventioreitgdeum resources. In all three
reference scenarios a range of alternative fossslources is available to supply
the bulk of the world’s increasing demand for eryer®iffering among the
scenarios, however, is the mix of fossil fuelse BSM reference scenario has
relatively more oil, derived from shale; the MER&tenario has relatively more
coal with a substantial amount of the increase usegoroduce liquid fuels; and
the MiniCAM scenario has relatively more naturakga

In all three cases, the production from non-folgdl resources grows
substantially in comparison to today’s levels, feiag levels roughly 65 to 100%
of the total global level of energy consumptio2@®0. The scenarios differ in
the mix of non-fossil resources that emerges.llireterence scenarios, however,
the growth in non-fossil fuel use does not foréstabstantial growth in fossil fuel
consumption.

3.3.1. The Evolving Structure of Energy Use

Energy production is closely associated with emorssiof GHGs, particularly CO
because of the dominant role of fossil fuels. Feg8L3 shows global primary energy use
over the century and its composition by fuel typéhie three reference scenarios. Not
surprisingly, given the assumptions about econaroevth, all of the reference scenarios
show substantial growth in primary energy use: fapproximately 400 EJ/y in the year
2000 to roughly between 1275 EJ/y and 1500 EJMéyend of this century. Combined
with population growth, all three models projegrawing per capita use of energy for
the world (Figure 3.4). The per capita growthtfoe world is very similar for MiniCAM
and the IGSM, with trends diverging somewhat latthe century. MERGE shows
relatively slower growth in per capita use earlytia century, with accelerated growth
later. The U.S. results differ substantially oa tdther hand. U.S. per capita energy use in
MERGE and the IGSM increases substantially, wml®iniCAM it declines gradually
over the century.

Figure 3.3.  Global and U.S. Primary Energy Consumnpby Fuel across
Reference Scenarios

Monday, November 13, 2006 3-7



OCoO~NOUIEWNPE

CCSP Product 2.1, Part A CPDAC Draft V2

Figure 3.4.  Global and U.S. Primary Energy Consumng®er Capita across
Reference Scenarios

The growth in total and per capita primary energgstmption arises despite substantial
improvements in energy technology assumed in edktlscenarios. Figure 3.5 displays
the ratio of U.S. energy to GDP (energy intensitynputed for each of the three
reference scenarios. The ratio declines througth®utentury in all three. These
patterns represent a continuation of changes irggrietensity that have occurred in
recent decades in the U.S. In 2100, each dollegadfGDP can be produced with only
40% of the energy used in 2000 in the MERGE refeestenario, and only 30% of the
energy in the IGSM scenario, and only 25% in th@iAM scenario.

Figure 3.5.  U.S. Primary Energy Intensity: Consumpper Dollar of GDP
across Reference Scenarios

Globally and in the U.S., energy consumption oterdentury remains dominated by
fossil fuels. In this sense the three referenea@acos tell a consistent story about future
global energy, and all three run counter to thevtigat the world is running out of fossil
fuels. Although reserves and resources of coneealioil and gas are limited in all three
reference scenarios, the same cannot be said lohredainconventional liquids and
gases. All three reference scenarios project ihéhe absence of constraints on GHG
emissions, the world economy will move from curreoventional fossil resources to
increased exploitation of the extensive (if morstly) global resources of heavy oils, tar
sands, and shale oil, and to synfuels derived ftoal. The three scenarios exhibit a
different mix of these sources. The IGSM referesmenario exhibits a relatively higher
share of oil production (including unconventiond);ahe MERGE reference scenario
exhibits a relatively higher coal share; and th@iIAM projects a higher share for
natural gas.

The relative contribution of oil to primary energypply differs across the reference
scenarios, but all three include a decline in theges of conventional oil. Thus, these
scenarios represent three variations on a therapesfyy transition precipitated by
limited availability of conventional oil and contiad expansion of final demands for
liquid fuels, mainly to fuel passenger and freigahsport.

In the IGSM reference scenario, limits on the akility of conventional oil resources
lead to the development of technologies to explodonventional olil, i.e., oil sands,
heavy oils, and shale oil. These resources age kand impose no meaningful constraint
on production during the twenty-first century. Bhdespite the fact that production costs
are higher than for conventional oil, total oil guztion (conventional plus shale)
expands throughout the century although oil asragry energy source declines as a
share of total energy with the passage of time.

The transition plays out differently in the MERG&arence. Although it begins the
same way (that is, the transition is initiated inyits on conventional oil resources),
declining production of conventional oil leads igher oil prices and makes alternative
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fuels, especially those derived from coal liquatatteconomically competitive. Thus,
there is a transition away from conventional oildaas) and a corresponding expansion
of coal production. The large difference betwedBRGE and IGSM regarding primary
oil thus reflects the role of coal liquefactionhat than a fundamentally different
scenario of the need for liquid fuels.

The MiniCAM reference scenario depicts yet a tipogdsible transition. Again, it begins
with limited conventional oil resources leadinghigher oil prices. Higher oil prices then
lead to the development and deployment of techmedapat access unconventional oll,
such as oil sands, heavy oils, and shale oils. d¥ew it also leads to expanded
production of natural gas and (as in the MERGE agehto expanded production of coal
to produce synthetic liquids.

Figure 3.3also reflects assumptions about the availabilitppofcost alternatives to
conventional fossil fuels. In all three scenarimms)-fossil supplies increase both their
absolute and relative roles in providing energihtoglobal economy, with their share
growing to roughly 20 to 30% of total supply by 210n the IGSM scenario, which
shows the lowest consumption of non-fossil resajritee magnitude of total
consumption of these resources in 2100 is 65%iteec$ the total global primary energy
production in 2000, which is more than a 500% iaseein the level of production of
non-fossil energy. In MERGE, which provides thersrio with the highest contribution
from non-fossil resources, total consumption fréwese sources in 2100 exceeds total
primary energy consumption in 2000. Despite tihesgh, the continued availability of
relatively low-cost fossil energy supplies, comhivath continued improvements in the
efficiency with which they are used, results insibenergy forms remaining competitive
throughout the century.

The three reference scenarios tell different ssoaigout non-fossil energy (much of
which is covered below in the discussion of eletlrigeneration). The IGSM reference
scenario assumes political limits on the expansfamuclear power, so it grows only to
about 50% above of the 2000 level by 2100. Howeyewing demands for energy and
for liquid fuels in particular lead to the developmt and expansion of bioenergy, both
absolutely and as percentage of total primary gnerg

In contrast, the MERGE scenario assumes that ageeweration of nuclear technology
becomes available and that societies do not lisiiniarket penetration, so the share of
nuclear power in the economy grows with time. ddidon, renewable energy forms,
both commercial biomass and other forms such ad aial solar, expand production
during the century.

The MiniCAM reference scenario also assumes theadoiity of a new generation of
nuclear energy technology that is both cost-cortipetand unrestrained by public

policy. Nuclear power, therefore, increases maskate although not to the extent found
in the MERGE scenario. Non-biomass renewable graigplies become increasingly
competitive as well. In MiniCAM, the expansionmbd-energy production in the
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reference scenario is predominantly recycled wasgtits a modest contribution from
commercial biomass farming toward the end of theuwsg.

The three scenarios for the U.S. are similar imattar to the global ones, as also shown
in Figure 3.3. The transition from inexpensive abdndant conventional oil to
alternative sources of liquid fuels and electricffects energy markets and patterns in
the U.S. However, energy demands grow somewha siowly in the U.S. than in the
world in general. As with the world total, the Ughergy system remains dominated by
fossil fuels in all three reference scenarios. NEERand the IGSM have similar
contributions from non-fossil energy, but for MER®@te sources are predominantly
nuclear and other renewables while for the IGSM Hiomass. MiniCAM has smallest
overall contribution from non-fossil sources spéitatively evenly between nuclear,
biomass, and other renewables.

3.3.2. Trends in Fuel Prices

Historically oil prices have been highly variabhath the volatility apparently often
related to political events. Figure 3.6 plotsprites from 1947 forward. Prices were in
the $15 to $20 range (in the constant 2006 dadlacsvn in the figure) until the increases
in the 1970s and early 1980s that were the re$dliscuptions in the Middle East. In
inflation-adjusted terms, prices declined from emkihe late 1970’s to vary around the
$20 level in the latter half of the 1980s and 1990ke period 2000 to 2005 has again
seen rising prices of oil and other fossil energyrses, which suggests the possibility of
a long-term trend toward rising prices. Depletaone would suggest rising prices
because of a combination of rents associated withiged resource and the exhaustion
of easily recoverable grades of oil. Global dememtinues to grow, putting increasing
pressure on supply. Opposing these forces towigh®ehprices has been improving
technology that reduces the cost of recovering kndeposits and facilitates discovery
and that makes recovery of previously unrecoverdbposits economical.

Figure 3.6.  Long-Term Historical Crude Oil Prices

The three models used for these scenarios emplwydieps of 5 to 15 years (see Chapter
2) and thus are not set up to analyze short-temmahiéity in prices. Their long-term
trends are best interpreted as multi-year averages.

The three scenarios paint similar but by no medestical pictures of future energy
prices. The price paths in the three models @apitture that is a reflection of both
energy resources and energy technologies. The paiths also shed light on the
technology characterizations in the models ancetbez about the technology
assumptions employed in the three models. For pharthe price of oil determines the
marginal cost of bioenergy, which in turn is aeeflon of the technology options
assumed available for its production.

Figure 3.7 shows mine-mouth coal prices, elecyrigibducer prices, natural gas
producer prices for the U.S., and the world oiteri The scenarios by each model for all
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four energy markets — oil, natural gas, coal aedtekity — are shaped by the supply of
and demand for these commaodities. These fuelsaaésmterconnected because users
can substitute one fuel for another, so thus highiees in one fuel market will tend to
increase demand for and the price of other fu@lis markets are driven by the rising cost
of conventional oil and the transition to more engiee unconventional sources to supply
a growing demand for liquid fuels, mainly for traostation. The oil price scenarios in
the three models are thus the result of the irdgrpetween increasing the demands for
liquid fuels, the available technology, and theilality of liquids derived from these
other sources.

Figure 3.7. Indices of Energy Prices across Reter&tenarios

Natural gas prices tell a similar story. Estimatkthe ultimately recoverable natural gas
resource vary, as does the cost structure of dmuree, leading to differences among the
models. Like the demand for oil, the demand fdurad gas grows, driven by increasing
population and per capita incomes. As is the @@rseil, the price of gas tends to be
driven higher in the transition from inexpensivegentional resources to less easily
accessible grades of the resource and to substitieh as gas derived from coal or
biological sources. The different degrees andsratrice escalation reflect different
technology assumptions in the three reference sosna

Coal prices do not rise as fast as oil and nagaalprices in any of the three reference
scenarios. The reason is the abundance of thees@mlrce base. The different patterns
of coal price movement with time in the three sceEsareflect differences in assumptions
about the rate of resource depletion, its gradettre, and improvements in extraction
technology.

The stability of electricity prices compared witih@and natural gas prices is a reflection
of the variety of technologies and of fuels avdaaio produce electricity and their
improvement over time, and the fact that fuel & jpne component of the cost of
electricity. The details underlying this electsiector development are reported next.

3.3.3. Electricity Production and Technology

Electricity production is projected to steadilyriease in both the U.S. and the world
although the scale and generation mix differ antheghree scenarios (Figure 3.8).
Here production is reported in units of electricatput—not units of energy input—by
generation type in the U.S. and the world. All fleenarios depict a continued role for
coal.. The IGSM scenario is dominated by coal, Wihiccounts for more than half of all
power production by the end of the twenty-firsttcey, a result consistent with its
limited growth in nuclear power. In contrast, MERGE scenario projects that nuclear
energy penetrates the market based on economarpenice, and non-biomass
renewable energy gains market share. Limited abgas resources lead to a peak and
decline in gas use in the first half of the centulry MiniCAM coal supplies the largest
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share of power, but natural gas is relatively alaum@nd provides a significant portion as
well, as do nuclear and non-biomass renewable griengs.

Figure 3.8.  Global and U. S. Electricity ProductipnSource across
Reference Scenarios

3.3.4. Non-Electric Energy Use

An important consideration in future energy pra@es are conversion losses as
relatively lower grade resources are convertedgbdr grade fuels for use in final
applications such as space conditioning, lightargl to provide mechanical power.

Figure 3.9 identifies the energy content of primiamsis for the U.S. in the year 2000 and
where conversion losses occur. It shows the erlesgyin the conversion from fuel to
electricity to be 28.1 Quads (1 Quad is equal @3 EJ) while the energy content of the
electricity is 12.3 Quads. Other losses occur wiets are used to create the mechanical
power to, for example, propel vehicles, or wheicefhcy of conversion to heat, light, or
mechanical energy is less that 100%. The potefatiabducing such losses is one reason
why energy intensity of the economy can continuenjorove.

Figure 3.9.  U.S. Energy Flow Diagram and Non-EleatrEnergy Use for the
Year 2000

However, in the future other fuel transformatiotivattes may become important and
fundamentally change energy-flow patterns, as mighede resources are exhausted and
lower grades that require more conversion are uskslalready discussed, the potential
exists for coal and commercial biomass to be cdaddp liquids and gases—a
technology thus far implemented only at a smallesdaurthermore, fuels and electricity
may be transformed into hydrogen, creating funddatigmew branches of the system.
Like electricity, these new branches will have gension losses and those losses can be
important.

Figure 3.10 shows non-electric energy use in thereace scenario, and it is important to
realize that these patterns of non-electric use @s imply significant conversion losses.
This prospect plays a strong role in the MERGErssfee scenario, in which coal and
biomass goes into liquefaction and gasificatiom{gdaTo a lesser extent, these
conversions are also present in the MiniCAM andM3>®enarios. In addition, in the
MiniCAM reference scenario some nuclear and renéawvaiergy appears in non-
electricity uses to produce hydrogen; and MERGE mlsludes some generation of
hydrogen from renewables sources. In the IGSMMIMICAM scenarios oil use is the
largest single non-electric energy use, reflecirgpntinuing growth in demand for
liquids by the transportation sectors. In the MER®@ference scenario, increasingly
expensive conventional oil is supplanted by coaldiquids. This phenomenon also
has implications for energy intensity in that imypements in end-use energy intensity
can be offset in part by losses in converting prinfaels to end-use liquids or gases.
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Figure 3.10 Global and U.S. Primary Energy Consumeédon-Electric
Applications across Reference Scenarios

3.4. Land Use and Land-Use Change

The three reference scenarios take different apgrea to emissions from land
use and land-use change. The MERGE scenario asdinaiethe biosphere
makes no net contribution to the carbon cyclehenitGSM and MiniCAM
scenarios the net contribution of the terrestriaddphere is to remove carbon
from the atmosphere, which results from the cowaikng forces of land-use
change emissions from deforestation and other huewtinities and the net
uptake from unmanaged systems.

An important aspect of land use and land-use chengk three models is the production
of biofuels for energy. Both IGSM and MiniCAM takecount of the competition for
scarce land resources. MERGE takes the availabilibiofuels as an exogenous input
based on extra-model analysis. Production of theses is displayed in Figure 3.11. The
IGSM and MiniCAM figures are based on somewhatedéht definitions, which account
for the difference in 2000. IGSM models only thiequction of biomass energy beyond
that now used, and does not explicitly model traddl use of biomass or, for example,
the own-use of wood wastes for energy in the fguestiucts industry. MiniCAM
explicitly accounts for some current uses of biosrasergy, such as that used in the pulp
and paper industry, and separately considers thesfpotential for biofuels derived from
wastes and residue along with energy crops groyhogtky for their energy content.

Figure 3.11  Global and U.S. Production of Biomassrgy across Reference
Scenarios

Apparent differences among the models thus nebd tmnsidered in light of this
differential accounting. The MiniCAM reference tiass production tends to be higher,
especially in early years, because it is accountiagte and residue-derived biofuels
explicitly. These waste and residue-derived biafaalcount for all of the biomass
production in the MiniCAM reference scenario in galy part of the century and the
majority of all biomass production at the end @& tdentury. The IGSM reference
scenario exhibits a strongly growing productiorbmffuels beginning after the year 2020.
The IGSM deployment is driven primarily by a wodd price that in the year 2100 is
over 4.5 times the price in the year 2000. In @stf MiniCAM, with its lower long-

term world oil price, provides insufficient incevdi to create a substantial market for bio-
crops in the reference scenario. However, MiniCAdés utilize an increasing share of
the potentially recoverable bio-waste as a souremergy.

Land use has implications for the carbon cycle e WGSM applies its component
Terrestrial Ecosystem Model with a prescribed sgerad land-use, and this land-use
pattern is employed in all scenarios. Thus inl@8M scenarios commercial biomass
production must compete with other agriculturahaies for cultivated land, but the
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extent of cultivated land does not change from agerio scenario. Because the land-use
pattern is fixed in IGSM changes in the net fluxcafbon to the atmosphere reflect the
behavior of the terrestrial ecosystem in respoosanges in CQand climatic effects

that are considered within the model’s Earth-systemponent. Taken together, these
effects lead to the negative net emissions frometrestrial ecosystem shown in Figure
3.12, which contrasts with the neutral biosphesaiaed by the MERGE model.

Figure 3.12. Global Net Emissions of £fiom Terrestrial Systems Including
Net Deforestation across Reference Scenarios

MiniCAM uses the terrestrial carbon cycle modeMAGICC (Wigley 1993) to
determine the aggregate net carbon flux to the stpimere. However, unlike either IGSM
or MERGE, MiniCAM determines the level of terreatiemissions as an output from an
integrated agriculture/land-use module rather #imthe product of a terrestrial model
with fixed land use. Thus, MiniCAM exhibits thensa types of COfertilization effects
as the IGSM, but it also represents interactioeéen the agriculture sector and the
distribution of natural terrestrial carbon stocks.

3.5. Emissions, Concentrations, and Radiative Forcing

The growth in the global economy that is assumebemreference scenarios and
the changes in the composition of the global ensygyem lead to growing
emissions of GHGs over the century. Emissions fossil fuel burning and
cement production more than triple over the stuelyqal in the reference
scenarios. With growing emissions, GHG concertdretiare projected to rise
substantially over the twenty-first century, W&k, concentrations increasing to
2-1/2 to over 3 times the pre-industrial concentmat Increases in the
concentrations of the noGO, GHGs vary more widely across the reference
scenarios. The increase in radiative forcing rasff@m 6.4 to 8.6 W/nfrom the
year 2000 level with the ndd©, GHGs accounting for 20 to 25% of the
instantaneous forcing in 2100.

Moderating the effect on the atmosphere of anthgepec CQ emissions is the
net uptake by the ocean and the terrestrial biosphés atmospheric GQrows

in the reference scenarios the rate of net uptakhb ocean increases as well.
Also, mainly through the effects of gfértilization, increasing atmospheric levels
of CQO, spur plant growth and net carbon uptake by theetrial biosphere.
Differences among scenarios of these effects gpaiina reflection of variation

in their sub-models of the carbon cycle.

3.5.1. Greenhouse Gas Emissions
3.5.1.1. Calculating Greenhouse Gas Emissions

Emissions of CQfrom fossil fuels are the sum of emissions froroheaf the different
fuel types, and, for each type, emissions are tbdyzt of a fuel-specific emissions
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coefficient and the total combustion of that fuEkceptions to this treatment occur if a
fossil fuel is used in a non-energy applicatio.(eas a feedstock for plastic) or if the
carbon is captured and stored in isolation fromatimeosphere. All three of the models
assume the availability of carbon capture and gtachnologies and treat the leakage
from such storage as zero during the study peaitidpugh they assume that technologies
for capturing carbon do not capture 100 perceth®iCQ. Capture and storage incurs
costs additional to the generation process withttendant benefits absent actions to
constrain carbon emissions, so they are not uriderta the reference scenarios.

Although bioenergy such as wood, organic waste stiraav are hydrocarbons like the
fossil fuels (only much younger), they are treasdf their use had no net carbon release
to the atmosphere. Any fossil fuels used in theitivation, processing, transport, and
refining are accounted for. Nuclear and non-biswasewables, such as wind, solar,
and hydroelectric power, have no direct&issions and are given a zero coefficient.
Like bioenergy, emissions associated with the eansbn and operation of conversion
facilities are accounted with the associated engjt§ource.

The calculation of net emissions from terrestr@systems, including land-use change,
is more complicated, and each model employs its @sfinique. The IGSM model
employs the Terrestrial Ecosystem Model, which ssaée-of-the-art terrestrial carbon-
cycle model with a detailed, geographically diseggted representation of terrestrial
ecosystems and associated stocks and flows ofrcanthe land. The IGSM scenario,
therefore, incorporates fluxes to the atmosphegedgiamic response of managed and
unmanaged terrestrial systems to the changes iclithate and atmospheric
composition.

MiniCAM builds its net terrestrial carbon flux byumming both emissions from changes
in the stocks of carbon from human-induced landalssge and the natural system
response, represented in the reduced-form tembkstibon module of MAGICC. As
noted above, the MiniCAM model employs a simplelueed-form representation of
terrestrial carbon reservoirs and fluxes; howeNgiscenario is fully integrated with its
agriculture and land-use module, which in turniisatly linked to energy and economic
activity in the energy portion of the model. Agewabove, MERGE assumes no net
emissions from the terrestrial biosphere.

Differing approaches among the models are useddouat for the non-COGHGSs.

They begin with a current inventory of these gaseklink growth in emissions to
relevant activity levels. Because emissions arecated with very narrow activities, in
some cases below the sectoral resolution of theetapthe reference growth in emissions
may be benchmarked to more detailed forecaststwitaes. Details of these methods
are included in the referenced papers that docuthesé models.

3.5.1.2. Reference Scenarios of Fossil Fuel GZEmissions

All three reference scenarios foresee a transitmm conventional oil production to
some other source of liquid fuels based primaniyother fossil sources, either
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unconventional liquids or coal. As a consequenadon-to-energy ratios cease their
historic pattern of decline, as can be seen inrei§ul3. While the particulars of each
model differ, none shows a dramatic reduction mboa intensity over this century.

Figure 3.13. Global and U.S. GE&missions from Fossil Fuel Consumption and
Industrial Sources Relative to Primary Energy Comstion

Substantial increases in total energy use withriitie decline in carbon intensity lead
to the substantial increases in £#nissions per capita (Figure 3.14) and in globtal$
(Figure 3.15). Emissions of G@om fossil fuel use and industrial processesdase
from less than 7 GtC/y in 2000 to between 22.520&tC/y by 2100. These emissions
are higher than in earlier studies such as IS9z2aevbmissions were 20 GtC/y (Leggett
et al. 1992). The model scenarios are closeram #missions estimates to the higher
scenarios in the IPCC Special Report on Emissiaes&ios (Nakicenovic and Swart
2000), particularly those included under the hegslidlf and A2. U.S. emissions
trajectories are more varied than the global ttajges. By 2100, U.S. emissions are
between 2 GtC/yr and 5 GtClyr.

Figure 3.14 World and U.S. G&missions per Capita across Reference
Scenarios

Figure 3.15 Global and U.S. Emissions of @Mm Fossil Fuels and Industrial
Sources across Reference Scenarios

The three scenarios display a larger share of @nisgrowth outside of the Annex |
nations (the developed nations of the Organizadboiizconomic Cooperation and
Development [OECD], plus Eastern Europe and theéorSoviet Uniof) as shown in
Figure 3.16. Annex | emissions are highest andAmmex | emissions lowest in the
IGSM reference. At least in part this is becaussvo factors underlying the IGSM
scenarios. First, the demand for liquids is satisby expanding production of
unconventional oil, which has relatively high cambamissions at the point of production.
The U.S., with major resources of shale oil, swescfrom being an oil importer to an
exporter but is responsible for G&@missions associated with shale oil production.
Second, assumed rates of productivity growth inrAonex | nations are lower in the
IGSM scenario than in those of the other two madels

Figure 3.16. Global Emissions of Fossil Fuel ardubtrial CQ by Annex |
and Non-Annex | Countries across Reference Scenario

! Annex | is defined in the Framework ConventionGimate Change (FCCC). However, since the FCCC
entered into force, the Soviet Union has broken Aip.a consequence, some of the republics of timadio
Soviet Union are now considered developing natams do not have the same obligations as the Russian
Federation under the FCCC. Thus, strictly spegkimgaggregations employed by the three modeling
teams may not precisely align with the presentifgamtof the world’s nations. However, the quaatiite
implications of these differences are small.
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In contrast, the MERGE scenario assumes that kgoidne primarily from coal, a fuel
that is more broadly distributed around the wollant unconventional oils. MERGE also
exhibits higher rates of labor productivity in then-Annex | nations than the IGSM
reference scenario. Finally, MERGE has a greaployment of nuclear generation,
leading to generally lower carbon-to-energy ratiesrall. These three features combine
to produce lower Annex | emissions and higher nome&x | emissions than in the IGSM
reference scenario. The MiniCAM reference scenaa® Annex | emissions similar to
those of MERGE, but higher non-Annex | fossil faad industrial C@emissions.

The range of global fossil fuel and industrial ££nissions across the three reference
scenarios is relatively narrow compared with theeautainty inherent in these
developments over a century. While it is beydmdcope of this exercise to conduct a
formal uncertainty or error analysis, both highed éower emissions trajectories could
be constructed.

There are at least two approaches to developiegsilde context in which view these
scenarios. One is to compare them with othersymed by analysts who have taken on
the same or a largely similar task. The literatumeemissions scenarios is populated by
hundreds of scenarios of future fossil fuel andistdal CQ emissions. Figure 3.17
gives some sense of what earlier efforts have medialthough they should be used with
care. First, many were developed at earlier tism@smay be significantly at variance
with events as they have already unfolded. Alsceffort was undertaken in the
construction of the collection in the figure, toiglg scenarios for the quality of
underlying analysis. Scenarios for which no undeg trajectories of population or

GDP are available are mixed in with efforts thatoirporate the combined wisdom of a
large team of interdisciplinary researchers worlorgr the course of years. Moreover, it
is not clear that the observations are independené clustering of year 2100 fossil fuel
and industrial C@emissions around 20 PgCl/y (20 GtCly) in both ttee pnd post-IPCC
Third Assessment Report (TAR) time-frames coincicdesely with the IPCC 1S92a
scenario (Leggett et al. 1992). Many later scesanere simply tuned to it, and so are
not independent assessments. For these reasonghans] looking to the open literature
can provide some information, but caution in intetimg literature compilations is
warranted.

Figure 3.17. Global Fossil Fuel and Industrial @arEmissions: Historical
Development and Scenarios

Another approach to provide a context is systemataertainty analysis. There have
now been several such analyses, including effgrfddrdhaus and Yohe (1983), Reilly
et al. (1987), Manne and Richels (1994), Scott.€2800), and Webster et al.
(2002).These studies contain many valuable lessodsnsights. For the purposes of
this scenario exercise one useful product of thesertainty studies is an impression of
the position of any one scenario within the windmutures that might pass a test of
plausibility. Also useful is the way that the dilstition of outcomes is skewed upwards—
an expected outcome when one considers that madglnmputs, and indeed emissions
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themselves, are constrained to be greater than Naturally, these uncertainty
calculations present their own problems as welll§gter 2003).

3.5.1.3. Future Scenarios of Anthropogenic CH and N,O Emissions

The range of emissions for Gldnd NO is wider than for Cg as can be see in Figure
3.18. The MERGE and MiniCAM base-year emissiomssamilar for NO but their
estimates diverge for CH In the IGSM reference scenario, methane emissaoa
higher in the year 2000 than in the other twoaefhg an independent assessment of
historical emissions and uncertainty in the scfenliterature regarding even historic
emissions. Note that the IGSM has a correspongiongter natural methane source
(from wetlands, termites, etc.) that is not showirigure 3.18, balancing the observed
concentration change, rate of oxidation, and nhturd anthropogenic sources.

Figure 3.18. Global ClHand NO Emissions across Reference Scenarios

Both IGSM and MERGE exhibit steadily growing meteamissions throughout the
twenty-first century as a consequence of the grafthethane-producing activities such
as ruminant livestock herds, natural gas use, amdfills. Unlike CQ, for which the
combustion of fossil fuels leads inevitably to esioss without capture and storage,
slight changes in activities can substantially cedemissions of the non-GQases

(Reilly et al. 2003). The MiniCAM reference scepaassumes that despite the
expansion of human activities traditionally asstemavith methane production,
emissions control technologies will be deployethia reference scenario in response to
local environmental controls. This leads the MIRN reference scenario to exhibit a
peak and decline in CHemissions in the reference scenario.

3.5.1.4. Future Scenarios of Anthropogenic F-Gas Emissions

A set of industrial products that act as GHGs armalmned under the term “F-

gases,” which refers to a compound that is commdhdm, fluorine. Several are
replacements for the chlorofluorcarbons that haaenlphased out under the Montreal
Protocol. They are usefully divided into two grsup group of hydroflurocarbons
(HFCs), most of which are shorter-lived, and thegliived perfluorocarbons (PFCs) and
sulfur hexafluoride (S§. Figure 3.19 presents the reference scenandbdége gases.
IGSM and MERGE show strong growth in the shortdiwpecies, while MiniCAM
projects about half as much growth over the centlitye models show very similar
projections for the long-lived gases. PFCs are ussémiconductor production and are
emitted as a byproduct of aluminum smelting; thay be avoided relatively cheaply.
Emissions from the main use of Sk electric switchgear can easily be abated by
recycling to minimize venting to the atmospherenylaf the abatement activities have
already been undertaken and the models assumeavithepntinue to be used.

Figure 3.19  Global Emissions of Short-Lived and grived F-Gases across
Reference Scenarios
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3.5.2. The Carbon Cycle: Net Ocean and Terrestrial CQ Uptake

The stock of carbon in the atmosphere at any tseiermined from an initial
concentration of Cg) to which is added anthropogenic emissions frossifduel and
industrial sources, and from which is subtractedd@ transfer from the atmosphere to
the ocean and terrestrial systems. Each modedsepts these processes differently.

The three reference scenarios display strong isegem ocean uptake of G@hown in
Figure 3.20, reflecting model mechanisms that becomoreasingly active as GO
accumulates in the atmosphere. The IGSM refersceeario has the least active ocean,
which results from its three-dimensional oceanesgntation that shows less uptake in
part as a result of rising water temperatures aDgll€vels in the surface layer and in part
as a result of a slowing of mixing into the deepast The MERGE model has the most
active ocean, and uptake rates continue to incr@asrethe century. As will be discussed
in Chapter 4, the three ocean models produce norasbehavior in the stabilization
scenarios; for example, the MERGE and MiniCAM madeve almost identical ocean
uptake in the Level 2 and Level 1 scenarios.

Figure 3.20. C@Uptake from Oceans across Reference Scenarios

As discussed above, the net transfer of @&m the atmosphere to terrestrial systems
includes many processes such as deforestationt{\itainsfers carbon from the land to
the atmosphere), uptake from forest re-growth,thedet effects of atmospheric €O

and climate conditions on vegetation. As notetleraMERGE employs a neutral
biosphere: by assumption its net uptake is zerb pribcesses that store carbon, assumed
to just offset those that release it. Taken togretbith its more active ocean system in the
Reference Scenario, the behavior of the carboreagdiotal is similar to the other two
models, especially MiniCAM. IGSM and MiniCAM empl@gctive terrestrial biospheres,
which on balance remove carbon from the atmosphsrshown in Figure 3.12. Both the
MiniCAM and the IGSM reference scenarios displagy tiet effects of deforestation,
which declines in the second half of the centuoynbined with terrestrial processes that
accumulate carbon in existing terrestrial reses/oifhe IGSM reference scenario also
includes feedback effects of changing climate.

3.5.3. Greenhouse Gas Concentrations

Radiative forcing is related to the concentratioh&HGs in the atmosphere. The
relationship between emissions and concentratib#H6ss is discussed in Box 3.2. The
concentration of gases that reside in the atmosgdbetong periods of time, decades to
millennia, is thus more closely related to cumwkagmissions than to annual emissions.
In particular, this is true for CQthe gas responsible for the largest contributon
radiative forcing. This relationship can be semnG0; in Figure 3.21, where cumulative
emissions over the period 2000 to 2100, from blo¢hréference scenario and the four
stabilization scenarios, are plotted against the €@centration in the year 2100. The
results for all three models lie on essentiallyghme line, indicating that despite
considerable differences in representation of thegsses that govern G0Optake, the

Monday, November 13, 2006 3-19



O©CoO~NOOUIE WNPE

CCSP Product 2.1, Part A CPDAC Draft V2

aggregate response to increased emissions isivaifgrs This basic linear relationship
also holds for other long-lived gases such g Bnd Sk and the long-lived F-gases.

Figure 3.21. Relationship between Cumulative, E@issions from Fossil Fuel
Combustion and Industrial Sources, 2000-2100, anaba&pheric
Concentrations across All Scenarios

GHG concentrations rise in all three reference ages. As shown in Figure 3.22, O
concentrations increase from 370 ppmv in year 20@®mewhere in the range of 700 to
875 ppmv in 2100. The pre-industrial concentrabbO, was approximately 280
ppmv. While all three reference scenarios disgh@ysame increasing pattern, by the
year 2100 there is a difference of approximately pgmv among the three scenarios.
This difference has implications for radiative fioig and emissions mitigation (discussed
in Chapter 4).

Figure 3.22. Atmospheric Concentrations of £ZOH,, N.O, and F-gases
across the Reference Scenarios

Projected increases in the concentrations of tmeC©, GHGs vary across the models.
The MiniCAM reference concentrations of ¢ahd NO are on the low end of the range,
reflecting assumptions discussed above about usethfane for energy. The IGSM
reference scenario projects the highest conceotrégivels for all of the substances. The
differences mainly reflect the anthropogenic enoissiof the three reference scenarios,
although they also are influenced by the way eactahtreats natural emissions and
sinks for the gases. IGSM includes climate ancbapheric feedbacks to natural
systems, which tend to result in an increase iarahemissions of CiHand NO. Also,
increases in other pollutants generally lengtheritbtime of CH in IGSM because the
other pollutants deplete the atmosphere of thedxydiradical (OH), which is the
removal mechanism for CH These feedbacks tend to amplify the difference i
anthropogenic emissions exhibited by the models.drbjected concentrations of the
short-lived and long-lived F-gases are also preseimt Figure 3.22.

3.5.4. Radiative Forcing from Greenhouse Gases

Contributions to radiative forcing are a combinataj the abundance of the gas in the
atmosphere and its heat-trapping potential (radiaificiency). Of the directly released
anthropogenic gases, @3 the most abundant, measured in parts per miltlte others
are measured in parts per billion. However, tieoGHGs are about 24 times (§Ho
200 times (NO), to thousands of times (§FPFCs) more radiatively efficient than €O
Thus what they lack in abundance they make ugrigrart, with radiative efficiency.
However, among these substances; GQtill the main contributor to increased radiati
forcing from pre-industrial times and all threeemefnce scenarios exhibit an increasing
relative contribution from C®

The three models display essentially the same@akdtip between GHG concentrations
and radiative forcing, so the three reference stenalso all exhibit higher radiative
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forcing, growing from roughly 2.2 W/frabove pre-industrial in 2000 to between 6.4 and
8.6 W/nt in 2100. (See Chapter 4 for a discussion of tmsequences of limiting
radiative forcing.) The differences in the referes mean that the amount of abatement
required to meet each of targets in the IGSM, ifictvhe increase is 8.6 Wnis
substantially more than that required by MiniCAMjigh is on the low end with 6.4

W/m? by the end of the century.

All three reference scenarios show that the redatontribution of CQwill increase in

the future, as shown in Figure 3.23. From pre-gtidal times to the present, the non-
CO, gases examined here contribute slightly above 8D#te estimated forcing. In the
IGSM reference scenario, the contribution of the-@®, gases falls slightly to about
26% by 2100. The MiniCAM reference scenario inelsidittle additional increase in
forcing for non-CQ gases, largely as a result of assumptions regatidencontrol of
methane emissions for non-climate reasons, andnidmisheir share falling to about 18%
by 2100. The MERGE reference scenatrio is intermegveith the non-C@contribution
falling to about 24%.

Figure 3.23. Radiative Forcing by Gas across Rete&r&cenarios

From the results above it can be seen that the tieference scenarios contain many
large-scale similarities. All have expanding glodaergy systems, all remain dominated
by fossil fuel use throughout the twenty-first aewt all generate increasing
concentrations of GHGs, and all produce substaimiaéases in radiative forcing. Yet
the scenarios differ in many details, ranging fré@mographics to labor productivity
growth rates to the composition of energy supplyeatment of the carbon cycle. These
scenario differences shed light on important paifitsncertainty that arise for the future.
In Chapter 4, they will also be seen to have imgarimplications for the technological
response to limits on radiative forcing.
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Table 3.1. Population by Region across Models, 20@100(millions) Regional aggregations
are different in the three models; for example K includes Turkey in Western Europe,

IGSM and MERGE do not.

IGSM Population by Region (million)

2000 2020 2040 2060 2080 2100

USA 283 334 379 396 395 393
Western Europe 390 388 369 331 302 289
Japan 127 126 116 113 118 119
Former Soviet Union 291 278 260 243 234 230
Eastern Europe 97 91 83 74 67 64
China 1282 1454 1500 1429 1365 1334
India 1009 1291 1503 1610 1635 16443
Africa 793 1230 1749 2163 2390 2500
Latin America 419 538 627 678 701 713
Rest of the World 1366 1848 2269 2521 2614 2692
MERGE Population by Region (millions)

Region 2000 2020 2040 2060 2080 2100
US.A 276 335 335 335 335 335
Western Europe 390 397 397 397 397 397
Japan 127 126 126 126 126 126
Former SovieUnion | 41, 393 393 393 393 393
Eastern Europe

China 1275 1429 1478 1493 1498 1499
India 1017 1312 1427 1472 1489 1494
Africa

Latin America 2566 3538 4209 4677 5003 5228
Rest of World

MiniCAM Population by Region (millions)

Region 2000 2020 2040 2060 2080 2100
US.A 283 334 371 396 412 426
Western Europe 457 486 481 456 421 399
Japan 127 127 121 113 103 95
Former SovietJnion 283 284 283 275 261 253
Eastern Europe 124 119 111 100 87 80
China 1385 1578 1591 1506 1407 1293
India 1010 1312 1472 1513 1443 130(
Africa 802 1197 1521 1763 1893 1881
Latin America 525 670 786 869 929 952
Rest of World 1055 1454 1779 1976 2017 191B
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Table 3.2. Reference GDP for Key Regions (trillionsf 2000 U.S. $, MER), 2000-2100.

This table reports GDP for all regions of the glotnat accounts for inconsistency in regional
aggregations across models. Note that while resgane generally comparable, slight differences
exist in regional coverage, particularly in aggteg&gions. Differences for the base year, 2000,
arise from these differences as well as differemtesgional deflators and regional exchange
rates. (Note: IGSM is in 1997% and 1997 exchantgsyMERGE uses 1997$ and 1997
exchange rates restated to 2000$ by the ratio c6DB for 2000 in 1997$ and 2000$,

MiniCAM is in 2000$ and 2000 exchange rates.)

IGSM GDP by Region (trillions of 1997 U.S. $, MER)

2000 2020 2040 2060 2080 2100
USA 9.1 16.9 29.3 44 .4 59.8 76.4
Western Europe 9.2 15.8 27.0 41.5 57.2 74.p
Japan 4.4 7.5 13.8 21.8 30.0 38.4
Former Soviet Union 0.6 1.4 2.9 4.8 7.2 10.2
Eastern Europe 0.3 0.6 1.2 2.1 3.3 4.9
China 1.2 3.3 6.9 12.8 19.9 28.9
India 0.5 1.1 2.0 3.3 5.2 8.0
Africa 0.6 1.3 2.0 3.3 5.0 7.4
Latin America 1.6 3.0 6.3 115 18.0 25.9
Rest of the World 4.4 8.6 14.9 23.9 35.3 494
MERGE GDP by Region (trillions of 2000 U.S. $, MER)
Region 2000 2020 2040 2060 2080 2100
US.A 9.8 16.1 20.9 26.8 33.1 39.6
Western Europe 9.8 14.4 19.9 26.9 35.( 43.p
Japan 4.6 6.0 7.7 9.6 11.7 13.9
Former SovieUnion 1.0 1.9 3.6 6.6 11.9 20.4
Eastern Europe
China 1.2 3.1 7.4 17.3 38.5 78.6
India 0.5 1.5 3.6 8.3 18.5 39.2
Africa 6.5 14.6 27.5 49.3 85.1 141.9
Latin America
Rest of World
MiniCAM GDP by Region (trillions of 2000 U.S. $, Mg
2000 2020 2040 2060 2080 2100
USA 9.8 15.1 21.1 28.8 38.9 52.6
Western Europe 8.6 11.1 13.3 16.1 19.4 23.f
Japan 4.7 5.9 7.1 8.6 10.2 12.0
Former Soviet Union 0.4 0.8 1.4 2.3 3.6 5.7
Eastern Europe 0.4 0.7 1.4 2.4 4.0 6.6
China 1.2 4.8 11.6 20.8 34.1 49.3
India 0.5 1.6 4.8 10.7 19.5 32.0
Africa 0.6 1.2 2.1 3.9 7.7 13.8
Latin America 2.0 3.3 5.0 8.8 16.1 26.9
Rest of the World 3.2 6.3 12.5 22.6 37.4 56.4
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Table 3.3. Historical Annual Average Per Capita GIP Growth Rates

1500- 1820- 1870- 1913- 1950- 1973-

1820 1870 1913 1950 1973 2001
North America 0.34 1.41 1.81 1.56 2.45 1.84
Western Europe 0.14 0.98 1.33 0.76 4.05 1.88
Japan 0.09 0.19 1.48 0.88 8.06 2.14
Eastern Europe 0.10 0.63 1.39 0.60 3.81 0.68
Former U.S.SR 0.10 0.63 1.06 1.76 3.35 -0.96
Africa 0.00 0.35 0.57 0.92 2.00 0.19
Latin America 0.16 -0.03 1.82 1.43 2.58 0.91
China 0.00 -0.25 0.10 -0.62 2.86 5.32
India -0.01 0.00 0.54 -0.22 1.40 3.01
Other Asia 0.01 0.19 0.74 0.13 3.51 2.42
World 0.05 0.54 1.30 0.88 2.92 1.41

Source: Maddison, 2001
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Figure 3.1. World and U.S. Population across Refenee Scenarios.Assumed growth in

global and U.S. population is similar among the¢hmodels. The global population level in
2100 spans a range from about 8.5 to 10 billiohe ©.S. population level in 2100 spans a range
from about 350 to 425 million.
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Figure 3.2. U.S. Economic Growth across Reference&harios. U.S. economic growth is
driven in part by labor force growth, and in paytassumptions about productivity growth of
labor and other factors such as by savings angdiment. Projected annual average growth
rates are 1.4% for MERGE, 1.7% for MiniCAM, and%.&r IGSM. By comparison, U.S. real
GDP grew at an annual average rate of 3.4% frond-P2®4 (Economic Report of the
President, CEA 2005).
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Figure 3.3. Global and U.S. Primary Energy Consumpbn by Fuel across Reference
Scenarios (EJ/y) Global total primary energy use grows betwean@ 4 times over the

century in the reference scenarios, while U.S. annenergy use grows somewhat over 1 to 2
times. Fossil fuels remain a major source, desuitestantial increases in the consumption non-
fossil energy sources. Note that oil includes teatved from tar sands and shale, and that coal
use includes that used to produce synthetic ligund gaseous fuels.
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Figure 3.4. Global and U.S. Primary Energy Consumpbn per Capita across Reference
Scenarios (gigajoules per capita) All three models project growing per capita agenergy

for the world as whole. However, even after 108rgef growth, global per capita energy use is
projected to be about %2 of the current U.S. level.
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Figure 3.5. U.S. Primary Energy Intensity: Consumpion per Dollar of GDP across

Reference Scenarios (Index, Year 2000 Ratio = 1.0Ynited States total primary energy
consumption per dollar of GDP is projected to amwni to decline. Recent experience is a rate of
decline of about 14% per decade. IGSM projectteaf decline of about 12%, MiniCAM

about 13%, and MERGE about 9% per decade.
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Figure 3.6. Long-term Historical Crude Oil Prices Crude oil prices have historically been
highly variable, but over the period 1947-2004 ¢happeared to be a slight upward trend.
(Figure courtesy of James Williams, WTRG Economics)
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Figure 3.7. Indices of Energy Prices across Referea Scenarios (Indexed to 2000 =.1)
Projected energy prices through 2100, indexed &02000=1.0, cover a wide range among the
models but generally show a rising trend relatovescent decadal averages. MERGE price
projections are intermediate—by 2100 the crud@ide is about that observed in 2005 (3 times
the 2000 level). MiniCAM generally projects theviest prices, with the projected crude oil

price about twice 2000 levels in 2100, somewhatwehe level reached in 2005. IGSM
projects the highest prices, which for crude oilldobe about 50 to 60% higher in 2100 than the
price level of 2005.
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Figure 3.8. Global and U.S. Electricity Productionby Source across Reference Scenarios
(EJly of elec) Global and U.S. electricity production show ¢ouaed reliance on coal,
especially in the IGSM scenario, which assumesribakear expansion is limited by safety,
waste and proliferation concerns. MERGE and MinlCAssume that nuclear is unconstrained
by non-climate concerns and so show greater expatiey also project a greater contribution
from renewable sources and somewhat greater w=eddficity overall compared with IGSM.
Differences in the contributions of different fualsthe global level among models are similar
for the U.S. Total US electricity use is similatNHERGE and the IGSM, and somewhat lower in

MiniCAM.
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Figure 3.9. U.S. Energy Flow Diagram and Non-Eledtal Energy Use for the Year 2000.
Primary energy is transformed into different enecgyriers that can easily be used for specific
applications (e.g., space conditioning, light, amethanical energy), but in the process losses
occur. Of the 98.5 quads of primary energy usetienJ.S. in the year 2000, only an estimated
34.3 quads were actually useful. Each of the nsode¢d in the study represents such
conversion processes. Assumptions about efficienpyovements in conversion and end-use
are one of the reasons why energy intensity peaidof GDP is projected to fall.
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Figure 3.10. Global and U.S. Primary Energy Consuntein Non-Electric Applications
across Reference Scenarios (EJ/yNon-electric energy use also remains heavily déeet on
fossil fuels with some penetration of biomass epef@rimary energy is reported here, and the
resurgence of coal in the projections is becausts ofse to produce synthetic liquids or gas.
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Figure 3.11. Global and U.S. Production of Biomadsnergy across Reference Scenarios
(EJdly). The MiniCAM scenario includes waste derived be@sfuels as well as commercial
biomass and thus shows significant use in 2006M@Gnd MERGE explicitly model only

commercial biomass energy beyond that already u&daobally, both IGSM and MERGE show
more biomass than does MiniCAM toward the end efdéntury.
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Figure 3.12. Global Net Emissions of Cofrom Terrestrial Systems Including Net
Deforestation across Reference Scenarios (GtC/y¥lobal net emissions of G&om
terrestrial systems, including net deforestatitwoys that MiniCAM and IGSM have a slight net
sink in 2000 that grows over time due mainly tousetl deforestation and G@rtilization of
plants. MERGE assumes a neutral terrestrial syste
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Figure 3.13. Global and U.S C@QEmissions from Fossil Fuel Combustion and Industsl
Sources Relative to Primary Energy Consumption (Gt@exajoule). CGO; intensity of energy
use shows relatively little change in all three misdreflecting the fact that fossil fuels remain
important sources of energy. Potential reductiortee CQ intensity of energy from more
carbon-free or low-carbon energy sources is offget move to more carbon-intensive shale oil

or synthetics from coal.
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Figure 3.14. World and U.S. CQ Emissions per Capita across Reference Scenarios ¢iic
Tonnes per Capita). All three models project growing per capita foésél and industrial C®
emissions for the world as a whole. However evtar 400 years of growth, global per capita
CO, emissions are slightly less than ¥z of the 200Q &I in the three scenarios.
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Figure 3.15. Global and U.S. Emissions of CQrom Fossil Fuels and Industrial Sources
(CO, from land use change excluded) across ReferenceeBarios (GtCly). In the absence of
climate policy, all three models project increaseglobal emissions of C{rom fossil fuel
combustion and other industrial sources, mainlyamproduction. By 2100, global emissions
are between 22.5 GtC/yr and 24 GtC/yr. U.S. emmssare more varied across the Reference
Scenarios. By 2100,U.S. emission are between 2yG#dd 5 GtC/yr. Note that GGrom land-
use change is excluded from this figure.
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Figure 3.16. Global Emissions of Fossil Fuel and tlustrial CO, by Annex | and Non-

Annex | Countries across Reference Scenarios (GtQ/\fEmissions of fossil fuel and industrial
CO; in the reference scenarios show Non-Annex | emnssexceeding Annex | emissions for all
three models by 2030 or earlier. MERGE and MiniCANMbw continued relative rapid growth

in emissions in Non-Annex | regions after thattlsat their emissions are on the order of twice
the level of Annex | by 2100. IGSM does not shamtmued divergence, due in part to
relatively slower economic growth in Non-Annex giens and faster growth in Annex | than the
other models. IGSM also shows increased emisgioAsnex | as those nations become
producers and exporters of shale oil, tar sandbssgnthetic fuels from coal.
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Figure 3.17. Global Fossil Fuel and Industrial Carlon Emissions: Historical Development
and Scenarios (GtC/y).The 284 non-intervention scenarios published lee2®01 are included
in the figure as the gray-shaded range. The “sgaghees are an additional 55 non-
intervention scenarios published since 2001. Tewical bars on the right-hand side indicate
the ranges for scenarios since 2001 (labeled “pAR non-intervention”) and for those
published up to 2001 (“TAR+preTAR non-interventipn'Sources: Nakicenovic et al. (1998),
Morita and Lee (1998) and http://www-cger.nies jglager-
el/db/enterprise/scenario/scenario_index_e.html, and
http://ilasa.ac.at/Research/TNT/WEB/scenario_da@lbdm!]
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Figure 3.18. Global CH, and N,O Emissions across Reference Scenarios (Mtonnesl/y).
Projections of global anthropogenic emissions of, @l NO vary widely among the models.
There is uncertainty in year 2000 ¢émissions, with IGSM ascribing more of the emissito
human activity and less to natural sources. Defiees in projections reflect, to a large extent,
different assumptions about whether current enmssrates will be reduced significantly for
other reasons, for example, whether higher nagasiprices will stimulate capture of Cfér

use as a fuel.
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Figure 3.19.Global Emissions of Short-Lived and Long-Lived F-Gaes (ktonnes/y) Global
Emissions of High HFCs and others (PFCs anglgggregated)
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Figure 3.20. CQ Uptake from Oceans across Reference Scenarios (GyCEXxpressed in
Terms of Net Emissions).The ocean is a major sink for @OIn general, as concentrations rise,
the ocean sink rises, but the IGSM results thdtideca three-dimensional ocean suggest less
uptake and, after some point, little further inse& uptake even though concentrations are
rising. The MiniCAM results show some slowing @ean uptake although not as pronounced.
MERGE shows now slowing in uptake. Although MER&t®ws higher ocean uptake in the
latter half of the century the effects of this e&se are offset by the assumption of a neutral
biosphere. Hence the behavior of its carbon cyidd to be more similar to the other two
models, especially MiniCAM (see Figure 3.22). Theee ocean models produce more similar
behavior in the stabilization scenarios
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Figure 3.21.Relationship between Cumulative CQ Emissions from Fossil Fuel

Combustion and Industrial Sources, 2000-2100, andtfospheric Concentrations of CQ
across All Scenarios.The relationship between cumulative carbon emissand atmospheric
concentration shows that, despite differences m the carbon cycle is handled in each model,
the models have a very similar response in ternt®onéentration level for a given level of
cumulative emissions, as all models lie on essgntissingle line. (Note that the cumulative
emissions do not include emissions from land uselamd-use change.)
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Figure 3.22.Atmospheric Concentrations of CQ, CHg4, N2O, and F-gases across the
Reference Scenarios (Units Vary). Differences in concentrations for @H,, and NO

across the three models’ reference projectionscetlifferences in emissions and treatment of
removal processes. By 2100, £€ncentrations range from about 700 to 900 ppnig C
concentrations range from 2000 to 4000 ppb¥D Moncentrations range from about 380 to 500

ppbv.
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Figure 3.23. Radiative Forcing by Gas across Refatee Scenarios (W/). The
contributions of different greenhouse gases tceia®ed radiative forcing through 2100 show
CO, accounting for more than 80% of the increasedrigrirom preindustrial for all three
models. The total increase ranges from aboutd5846 W/nf above pre-industrial levels.
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4. STABILIZATION SCENARIOS
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Stabilizing radiative forcing at levels ranging fmo3.4 to 6.7 W/frabove pre-
industrial levels (Level 1 to Level 4) implies sfgant changes to the world’s
energy, agriculture, land-use, and economic systetasive to a reference
scenario that does not include long-term radiafimeing targets. Such limits
would shape technology deployment throughout theucg and have important
economic consequences, but, as these scenarisisalie, there are many
pathways to the same end.

4.1. Introduction

In Chapter 3, each modeling team developed scenafilmng-term greenhouse gas
(GHG) emissions associated with changes in keyaoancharacteristics, such as
demographics and technology. This chapter deschiber such developments might
change in response to limits on radiative forcittgllustrates that society’s response to a
stabilization goal can take many paths, reflectatgors shaping the reference scenario
and the availability and performance of emissiahieng technologies. It should be
emphasized that the four levels analyzed belowdatailed in Table 4.Wvere chosen for
illustrative purposes only. They reflect neithgraference nor a recommendation.
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Table 4.1. Long-Term Radiative Forcing Limits byldtization Level and
Corresponding Approximate G@oncentration Levels

Control of GHG emissions requires changes in tbballenergy, economic, agriculture,
and land-use systems. In all the control caseastassumed that forcing levels would
not be allowed to overshoot the targets along #ik o long-term stabilization. Given
this assumption, each modeling group had to maitbdudecisions regarding the means
of limitation. Section 4.2 compares the approadidke three modeling teams. Section
4.3 shows the effect of the three strategies on @hhasions, concentrations, and
radiative forcing. The implications for global abidS. energy and industrial systems are
explored in Section 4.4 and for agriculture andltase change in Section 4.5. Section
4.6 discusses economic consequences of measlwaeli¢ve the various stabilization
levels.

4.2. Stabilizing Radiative Forcing: Model Implementations

Some features of scenario construction were coateihamong the three modeling
groups and others were left to their discretiamthree areas, a common set of
approaches was adopted:

» Climate policies in the reference scenario (9act.2.1)

» The timing of participation in stabilization segios (Section 4.2.2)

* Policy instrument assumptions in stabilizatioararios (Section 4.2.3).
In two areas the teams employed different appr@ache

» The timing of CQ emissions mitigation (Section 4.2.4)

* Non-CQ emissions mitigation (Section 4.2.5).

42.1. Reference Scenario Climate Policies

Each group assumed that, as in the reference sugetiar U.S. will achieve its goal of
reducing GHG emissions intensity (the ratio of Gei@issions to GDP) by 18% in the
period to 2012 although implementation of this geas left to the judgment of each
group. Also, the Kyoto Protocol participants wassumed to achieve their commitments
through the first commitment period, 2008 to 2012the reference scenario, these
policies were modeled as not continuing after 20th2the stabilization scenarios, these
initial period policies were superseded by the tgrgn control strategies imposed by
each group.

4.2.2. Participation in Stabilization Scenarios

For the stabilization scenarios, it was assumegpiblzcies to limit the change in
radiative forcing would be applied globally aft€¥12, as directed by the Prospectus.
Although it seems unlikely that all countries woslchultaneously join such a global
agreement, and the economic implications of stadiitbn would be greater with less-
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than-universal participation, the assumption tilat@untries participate does provide a
useful benchmark.

4.2.3. Policy Instrument Assumptions in Stabilization Scearios

Note that the issue of economic efficiency apphieoss both space and time. All three
models assume an economically efficient allocatibreductions among nations in each
time period, that is, across space. Thus, eactehoaditrols GHG emissions in all
regions and across all sectors of the economy pws$ing a single price for each GHG at
any point in time. As will be discussed in detaiSection 4.5, the prices of emissions
for the individual GHGs were different for each rebdThe implied ability to access
emissions reduction opportunities wherever theycheapest is sometimes referred to as
“where” flexibility (Richels et al. 1996).

4.2.4. Timing of CO, Emissions Mitigation

The cost of limiting radiative forcing to any giveevel depends on the timing of the
associated emissions mitigation. There is a stemagomic argument that mitigation
costs will be lower if abatement efforts start dp@and then progressively ramp up,
particularly for CQ. Distributing emissions mitigation over time, Bubat larger efforts
are undertaken later, reduces the current costassequence of such effects as
discounting, the preservation of energy-using ehgtiock over its natural lifetime, and
the potential for the development of increasingigteeffective technologies.

What constitutes such a cost-effective “slow stddapends on the concentration target
and the ability of economies to make strong redustiater. While 100 years is a very
long time-horizon for economic projections, it isthong enough to fully evaluate
stabilization goals. For several of the stabilmalevels, the scenarios are only
approaching stabilization in 2100: concentratiomshkaelow the targets and still rising,
but the rate of increase is slowing. Stabilizabatmospheric concentrations requires
that any emissions be completely offset by uptaka#estruction of the gas. Because
ocean and terrestrial uptake of £ subject to saturation and system inertia, atléor
the CQ concentration limits considered in this analysigjssions need to peak and
subsequently decline during the twenty-first ceptursoon thereafter. In the very long
term (many hundreds to thousands of years), emissiust decline to virtually zero for
any CQ concentration to be maintained. Thus, while thesome flexibility in the
inter-temporal allocation of emissions, it is indx@ty constrained by the carbon cycle.
Given that anthropogenic G@missions rise with time in all three of the unstoained
reference scenarios, the stringency ob@@issions mitigation also increases steadily
with time.

The models differ in the way they determine thdifg@f emissions reduction and how
the different GHGs contribute to meeting radiafimeing targets. A major reason for
the difference is the structure of the models. NHERs an inter-temporal optimization
model and is able to set a radiative forcing taeget solve for the cost-minimizing
allocation of abatement across gases and over tintbus offers insights regarding the
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optimal path of emissions abatement. A positigealint rate will lead to a gradual
phase-in of reductions, and the tradeoff amongg@sendogenously calculated, based
on the contribution each makes toward the long-goal (Manne and Richels 2001).
Given a stabilization target, the changing relapiviees of gases over time can be
interpreted as an optimal trading index for theegabat combines economic
considerations with modeled physical considerat{@ifetime and radiative forcing).
The resulting relative weights are different frdmode derived using Global Warming
Potential (GWP) indices, which are based purelploysical considerations (see IPCC
2001). Furthermore, economically efficient indi¢esthe relative importance of GHG
emissions mitigation will vary over time and acrpsdicy regimes.

IGSM and MiniCAM are simulation models and do notlegenously solve for optimal
allocations over time and by type of gas. Howetlezir choice of price path over time
takes account of insights from economic principlet lead to a pattern similar to that
computed by MERGE. The pattern was anticipateBdégk and Wan (1996) using a
simple optimizing model with a carbon cycle andHmtelling (1931) in a simpler
context.

The MiniCAM team set the rate of increase in thegof carbon equal to the rate of
interest plus the average rate of removal of caftmm the atmosphere by natural
systems. This approach follows Peck and Wan (1888 )yields a resulting carbon price
path qualitatively similar to that obtained by MiERGE team. This carbon price path
ensures that the present discounted marginal €¢bstving one tonne of carbon less in
the atmosphere during one period in the futurexacty the same regardless of whether
the removal takes place today or one period lafénen marginal costs are equal over
time, there is no way that total costs can be rediny making emissions mitigation
either earlier or later.

As with MERGE, the exponential increase in the@o€& CQ continues until such time

as radiative forcing is stabilized. Thereafter phiee is set by the carbon cycle. That is,
once radiative forcing has risen to its stabilizatievel, additional C&can only enter the
atmosphere to the extent that natural processesvieit) otherwise C@radiative forcing
would be increasing. This is relevant in the Lelvstabilization scenario and, to a lesser
extent, in the Level 2 stabilization scenario. Hwer, it is not present in the Level 3 or
Level 4 scenarios because stabilization is nothe@aintil after the end of the twenty-
first century.

The IGSM determines a carbon price path that asd8o per year.. The initial carbon
price is set to achieve the required concentrat@musforcing. Thus, the rate of increase
in the CQ price paths is identical for all stabilization sagos, but the initial value of

the carbon price is different. The lower the conicion of CQ allowed the higher the
initial price. The insight behind this approachhiat an entity faced with a carbon
constraint and a decision to abate now or laterldvoompare the expected return on that
abatement investment with the rate of return elsse/in the economy. The 4% rate is
taken to be this economy-wide rate of return. & ¢arbon price were rising more rapidly
than the rate of return, abatement investmentsdwaeld a higher return than

Monday, November 13, 2006 4-4



O©CoOoO~NOOUIE WNPE

CCSP Product 2.1, Part A CPDAC Draft V2

investments elsewhere in the economy, so thatrttiy vould thus invest more in
abatement now (and possibly bank emissions petmiise them later). By the same
logic, an increase in the carbon price lower thenrate of return would lead to a
decision to postpone abatement. It would leadtigtaer carbon constraint and a higher
carbon price in the future. Thus, this approadhtended to be consistent with a market
solution that would allocate reductions throughetim

4.2.5. Non-CO, Emissions Mitigation

Like CQO,, the contribution of non-C{greenhouse gases to radiative forcing depends on
their concentrations. However, these gases asedated in the atmosphere over time

so that the relationship between emissions anderdrations is different from that for

CO,, as are the sources of emissions and opportufatiedatement. Each of the three
modeling teams used its own approach to model togitrol. As noted above, the
MERGE modeling team employed an inter-temporalrogition approach. The price of
each GHG was determined so as to minimize the lsoasd of limiting radiative forcing

to each level. Thus, the price of each gas wastaahacross regions at any point in

time, but varied over time so as to minimize theiaacost of achieving each level.

The MiniCAM team tied non-COGHG prices to the price of G@sing the GWPs of the
gases. This procedure has been adopted by parties Kyoto Protocol and applied in
the definition of the U.S. emissions intensity golbSM used the same approach as
MiniCAM to determine the prices for HFCs, PFCs, &k, pegging the prices to that of
CO, using GWP coefficients. For Glnd NO, however, independent emission
stabilization levels were set for each gas in G8M because GWPs poorly represent the
full effects of CH and emissions trading at GWP rates leads to prabie defining

what stabilization means when ¢bind NO are involved (Sarofim et al. 2005). The
relatively near-term stabilization for Glpecified in the IGSM analysis implies that
near-term emissions reductions in result in econdranefit, an approach consistent with
a view that there are risks associated with lepEtadiative forcing below the specified
atmospheric maximum. This approach is differeat tbllowed in the MERGE
calculation, where any value of GlEbatement derives only from the extent to which it
contributes to avoiding the long-term stabilizatiemel. Under MERGE, early
abatement of short-lived species like {tas very little consequence for a target that will
not be reached for many decades, so the optime=dtmplaces little value on abating
short-lived species until the target is approach&dull analysis of the resulting climate
change and its effects would be required to sélesteen the MERGE and IGSM
approaches. The different stabilization paths ftbese two models do provide a range of
plausible scenarios for non-GGHG stabilization, however, with MiniCAM yieldingn
intermediate result.

4.3. Stabilization Implications for Radiative Forcing, Greenhouse Gas
Concentrations, and Emissions

Despite significantly different levels of radiatifigecing in their reference
scenarios the modeling teams reported very sintéagls of radiative forcing
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relative to pre-industrial levels for the year 21i@0all four stabilization
scenarios. Differences across the models in y@é@02Z=Q concentrations across
the four stabilization levels range between 30 4ad5tC/yr, with much of this
difference reflecting the gradual transition tolstezation that will occur
sometime after 2100. Models that had relativejhHCQ concentrations for a
given stabilization level also had lower conceritras and emissions of non-gO
greenhouse gases, trading off reductions in thabstances to make up for
higher forcing from C@ These differences in stabilization results higjttlthe
fact that there are many different pathways to iitabg radiative forcing.

As a result of the economic assumptions impos#teisolutions, all of the modeling
teams produced results in which the reduction irssions below reference levels
was much smaller in the period between 2000 an@ 2@&n between 2050 and 2100.
With one exception, the stabilization scenariosensdraracterized by a peak and
decline in global C@emissions in the twenty-first century. The exoepticludes

one Level 4 scenario in which emissions growtresrizero at the end of the century
but they have not yet begun to decline. Globa} €fissions in the Level 1 scenarios
are in decline by 2020 in all three models.

4.3.1. Implications for Radiative Forcing

Given that all the models were constrained by #meesatmospheric targets, the modeling
teams reported very similar levels of radiativeciiog relative to pre-industrial levels for
the year 2100 although the time-scale for staltibnaexceeds the 2100 horizon of the
analysis. Table 4.2 shows the long-term targedllaad the level of radiative forcing
reported by each of the three modeling teams foyéar 2100. The differences across
the models between the long-term target and theetaddadiative forcing levels are
smaller for Levels 1 and 2 than for Levels 3 arimedause the latter allow a greater
accumulation of GHGs in the atmosphere than dolsevand 2. For Levels 3 and 4
each modeling team required radiative forcing tioéew the long-term limits in 2100 to
allow for subsequent emissions to fall graduallyaad levels required for stabilization.

Table 4.2. Radiative Forcing in the Year 2100 axi®senarios

The radiative forcing stabilization paths for theee models are shown in Figure 4.1.
Even though they reflect different criteria usedllocate abatement over time, the paths
are very similar. The radiative forcing path isrdpnated by forcing associated with €O
concentrations, which in turn are driven by cumuétnot annual, emissions. Thus even
fairly different time-profiles of C@emissions can yield relatively little difference i
concentrations and radiative forcing.

Figure 4.1. Total Radiative Forcing by Year across Scenarios

! The IGSM exceeds the Level 1 target by .1 Ymnegligible difference resulting from the itévat
process required to achieve a radiative forcingetar
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Although their totals are similar, the GHG compiositof radiative forcing is different
among the three modeling teams. Figure 4.2 phat$teakdown among gases in 2100
for the reference scenario along with all four Bizdition levels. Forcing is dominated

by CGO; for all modeling teams at all target levels, here are variations among models.
For example, the MiniCAM control scenarios havegéarcontributions from Cand

lower contributions from the non-G@ases than the other modeling teams. Conversely,
the MERGE scenarios have higher contributions fthennon-CQ gases and lower
contributions from C@relative to the other modeling teams.

Figure 4.2.  Total Radiative Forcing by Gas in 240fbss Scenarios
4.3.2. Implications for Greenhouse Gas Concentrations

The relative GHG composition of radiative forcingg@ss models in any scenario reflects
differences in concentrations of the GHGs. The C@hcentration paths are presented in
Figure 4.3, and the year 2100 atmospheric levelslarailed in Table 4.3. Because the
actual policy targets were specified in terms tdltcadiative forcing from the multiple
greenhouse gases, it is possible to meet thosetsandpile varying from the CO
concentration levels set for them. In some ofdéiges that means GE&ncentrations
were in 2100 differ across models for any stabiimalevel. For example, the GO
concentrations projected by MiniCAM in the stalalion scenarios are generally higher
than for the other modeling teams. Consequentbjepted methane and.®
concentrations are systematically lower as careba #1 Figure 4.4 (see also Figure
4.21).

Figure 4.3. CQ@Concentrations across Scenarios
Table 4.3. C@Concentrations in the Year 2100 across Scenarios

Differences in the gas concentrations among treethrodels reflect differences in the
way the models make tradeoffs among gases andaiiffes in assumed mitigation
opportunities for non-CE&GHGs compared to GO

Figure 4.4.  CHConcentrations across Scenarios

Approximate stabilization of C{concentrations for Levels 1 and 2 occur by 210Gifo
three models, but for Levels 3 and 4 concentratayasstill increasing although at a
slowing rate. An important implication of the lessngent stabilization levels is that
substantial emissions reductions would be requafest 2100. Sometime within the next
century, all the stabilization paths would requmissions levels nearly as low as that for
Level 1. Higher stabilization targets do not chatigenature of long-term changes in
emissions required in the global economy; they dellay when the abatement must be
achieved.

All models show that as the rise in atmosphericceotrations slows the ocean uptake
slows and even begins to decline. These naturabval processes are uncertain, and to
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some extent this uncertainty is reflected in défezes in results from three modeling
teams, as shown in Figure 4.5. The IGSM modelggtsjthe smallest amount of ocean
uptake. MERGE includes the highest uptake for ¢lastl stringent levels, and MiniCAM
and MERGE are almost identical for the most stnmgabilization levels.

Figure 4.5.  Ocean CQUptake across Scenarios
4.3.3. Implications for Greenhouse Gas Emissions
4.3.3.1. Implications for Global CO, Emissions

For the Level 1 target, global G@missions begin declining after 2010 in all three
modeling efforts (see Figure 4.6). The constraiso tight that there is relatively little
room for variation.

Figure 4.6.  Fossil Fuel and Industrial £Emissions across Scenarios

All three modeling teams show continued emissiaonsvth throughout the first half of
the twenty-first century for Level 4, the loosesnstraint, and the MiniCAM shows
emissions continuing the increase throughout thtucg, although they are approaching
a peak by 2100. Near-term variation in emissiangdly reflects differences in the
reference scenarios.

The scenarios of all three teams exhibit more eomsseduction in the second half of
the twenty-first century than in the first half, rasted earlier, so the mitigation challenge
grows with time. The precise timing and degredegarture from the reference scenario
depend on many aspects of the scenarios and onresdi’s representation of Earth
system properties, including the radiative fordingt, the carbon cycle, atmospheric
chemistry, the character of technology options ¢éwee, the reference scenario £O
emissions path, the non-climate policy environmtd,rate of discount, and the climate
policy environment. For Level 4, 85% or more ofigsions mitigation occurs in the
second half of the twenty-first century in the so@ws developed here. Even for Level 1,
where the limit is the tightest and near-term naitiign most urgent, 75% or more of the
emissions reduction below reference occurs in¢cersd half of the century. While this
is partly a result of the “when” flexibility assurign, continuing emissions growth
means that the percentage reduction is much lasygme goes.

All three of the modeling teams constructed refeeescenarios in which Non-Annex 1
emissions were a larger fraction of the globalltotaéhe future than at present (see
Figure 3.16). Because the stabilization scenaiedased on the assumption that all
regions of the world face the same price of GHGssmans and have access to the same
general set of technologies for mitigation, theulésg distribution of emissions
mitigation between Annex | and Non-Annex | regigieserally reflects the distribution
of reference scenario emissions among them. Senwddiative forcing is restricted to
Level |, all three models find that more than twdlthe emissions mitigation occurs in
Non-Annex | regions by 2050 because more thandfiakference-case emissions occur
in Non-Annex | regions. Note that, with the glopalicy specified so that a common
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carbon price occurs in all regions at any one tiafbatement occurs separately from, and
mostly independent of, the distribution of the emmic burdens of reduction.

4.3.3.2. Implications for Non-CO, Greenhouse Gas Emissions

The stabilization properties of the non-Cgdeenhouse gases differ due to their lifetimes
(as determined by chemical reactions in the atmagphabatement technologies, and
natural sources. Methane has a relatively shetirhie, and anthropogenic sources are a
big part of methane emissions. If anthropogenitssions are kept constant, an
approximate equilibrium between oxidation net emiss will be established relatively
quickly and concentrations will stabilize. The saimtrue for the relatively short-lived
HFCs.

Emissions under stabilization are systematicallyeiothe more stringent the target, as
can be seen in Figure 4.7. The MiniCAM modelirgnte with its relatively lower
reference scenario, has the lowest@hhissions in stabilization scenarios. The assumed
policy environment for Chicontrol is also important. Despite the fact titat IGSM
modeling team has higher reference,@rhissions than MERGE, the MERGE scenarios
have the higher emissions under stabilization weis# instances. The reason is that the
MERGE inter-temporal optimization leads to a lovatee price for CH emissions in

the near-term, which grows rapidly relative to J@voring strong abatement of GH

only toward the end of the century, whereas IGShtrats CH, emissions through
guantitative that lead to substantial reductioyearthe century. Thus, MERGE
emissions sometimes exceed those of IGSM untiteladive CH, price rises sufficiently

to induce substantial emissions reductions.

Figure 4.7.  CHEmissions across Scenarios

The very long-lived gases are nearly indestructiid, thus, for stabilization their
emissions must be very near zero. Assessmentsmtéraent possibilities, as represented
in these models, show that it is possible, at neasie cost, for this to be achieved as seen
in the 2100 radiative forcing results in Figure.4\®hile these are useful substances,
their emissions are not as difficult to abate as¢hfrom fossil energy.

N>O is more problematic. A major anthropogenic seusdrom use of fertilizer for
agricultural crops—an essential use. Moreovenatsrral sources are important, and they
are augmented by terrestrial changes associatectivitate change. It is fortunate that
N2O is not a major contributor to radiative forcingchuse the technologies and
strategies needed to achieve its stabilizatiomat@bvious at this time. Nevertheless,
differences in the control of /O are observed across models, as revealed in Fg8ire
although these differences are smaller than thms€H,.

Figure 4.8.  NO Emissions across Scenarios

4.4. Implications for Energy Use, Industry, and Technolgy
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Stabilization of radiative forcing at the levelsaexined in this study will require
substantial changes in the global energy systeafyding some combination of
improvements in energy efficiency, the substitubilow-emission or non-
emitting energy supplies for fossil fuels, the oaptand storage of CHand
reductions in end-use energy consumption.

4.4.1. Changes in Global Energy Use

The degree and timing of change in the global gnsygtem depends on the level at
which radiative forcing is stabilized. Figure 4eports the reference scenario from
Chapter 3 and then adds a plot of the net chamgiae ivarious primary energy
sources for each stabilization level. While diéfleces in the reference scenarios
developed by each of the three modeling teamsolelifferent patterns of response,
some important similarities emerged. The lowerrdthative forcing limit, the larger
the change in the global energy system relatitegaeference scenario; moreover,
the scale of this change is larger, the furthey the future the scenario looks. Also,
significant fossil fuel use continues in all fosalsilization scenarios. This pattern
can be seen in Figure 4,Mhich shows the same case as Figure 4.9 butrirstef
total energy consumption.

Figure 4.9.  Change in Global Primary Energy by Faoebss Scenarios,
Stabilization Scenarios Relative to Reference Stesa

Figure 4.10. Global Primary Energy by Fuel acrossn@rios

Although atmospheric stabilization would take awaych of the growth potential of coal
over the century, all three models project its edagexpand above today’s levels by the
end of the century in all the stabilization sceosriln several of the Level 1 and Level 2
scenarios, the global coal industry declines infitisé half of the century before
recovering by 2100 to levels of production somewager than today. Oil and natural
gas also continue as contributors to total enewgy the century although, as with coal,
they are increasingly pushed from the energy mithastabilization level is tightened..

One reason that fossil fuels continue to be utllidespite constraints on GHG emissions
is that CCS technologies are available. Figur@ 4Hbws that as the carbon values rise,
CCS technology takes on an increasing market stieetion 4.4.2 addresses this
pattern, as well as the contribution of non-biontasgwable energy forms in greater
detail.

Changes in the global energy system in responeensiraints on radiative forcing
reflect an interplay between technology options x@dassumptions that shaped the
reference scenarios. For example, the MERGE meferassumes a relatively limited
ability to access unconventional oil and gas resssiand the evolution of a system that
increasingly employs coal as a feedstock for tloglpetion of liquids, gases, and
electricity. Against this background, a constraintradiative forcing results in
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reductions in coal use and end-use energy consompAs the price of carbon rises,
nuclear and non-biomass renewable energy form&&®laugment the response.

The IGSM reference scenario assumes greater avigjlath unconventional oil and gas
than in the MERGE scenarios. Thus, the stabibmasicenarios, in general, involve less
reduction in coal use by the end of the centuryddarger decline in oil and gas than in
the MERGE scenarios. To produce liquid fuels Far transportation sector, the IGSM
model responds to a constraint on radiative forbipgrowing biomass energy crops
both earlier and more extensively than in the exfee scenario. Also, the IGSM model
projects larger reductions in energy demand théreeof the other two models.

The MiniCAM model produces the smallest reductimnenergy consumption of the
modeling groups. The imposition of constraintgadiative forcing leads to reductions

in oil, gas, and coal, as do the other modelsalaat involves considerable expansion of
nuclear and renewable supplies. The largest suppfyonse is in commercial bio-
derived fuels. These fuels are largely limitedbiimwaste recycling in the reference
scenario. As the price on G@ses, commercial bio-energy becomes increasingly
attractive. As will be discussed in Section 4h&, expansion of the commercial biomass
industry to produce hundreds of EJ of energy par fias implications for crop prices,
land-use, land-use emissions, and unmanaged eeos/st

The relative role of nuclear differs in each of theee analyses. The MERGE reference
scenario deploys the largest amount of nuclear paveatributing 170 EJ/y of primary
energy in the year 2100. In the Level 1 stabiicrascenario, deployment expands to
240 EJly of primary energy in 2100. Nuclear poimethe MiniCAM reference scenario
produces 90 EJ/y in the year 2100, which in theel &wstabilization scenario expands to
more than 180 EJ/y of primary energy in the yedd®21The IGSM scenarios show little
change in nuclear power generation among the gtatdn scenarios or compared with
the reference, reflecting the assumption that raudésvels are limited by policy decisions
regarding nuclear siting, safety, and proliferatioat are unaffected by climate policy.

Reductions in total energy demand play an impontaletin all of the stabilization
scenarios. Inthe IGSM stabilization scenarioss, hthe largest single change in the
global energy system. While not as dramatic a3@%M stabilization scenarios,
MERGE and MiniCAM also exhibit reductions in enemdgmand. As will be discussed
in Section 4.6, the difference in the change inrgnease among the models reflects
differences in the carbon prices required for $itediion which are substantially higher
for the IGSM. In all three models, carbon pricBaitences are reflected in the user
prices of energy. Carbon prices, in turn, reftechnological assumptions that influence
both the supply of alternative energy and the respeness of users to changing prices.
The fuel and greenhouse gas prices discussednates chapter therefore can be
instructive in understanding the character of tetbgy assumptions employed in the
models. As noted throughout the preceding andviellg discussions, the economic
equilibrium nature of these three models implied technology deployments are a
reflection of prices. Technologies are deployedautne point where marginal cost is
equal to price. Thus, for example, the pricesilohrd carbon determine the marginal
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cost of bioenergy and its deployment in the threel@s and that insight can be used to
infer useful information about the technology asptioms that each of the models
employed.

4.4.2. Changes in Global Electric Power Generation

The three models project substantial changes otralgy-generation technologies as a
result of stabilization, although the MERGE and MIIAM scenarios exhibit relatively
little change in electricity demand. Indeed, asrib® models the relative reductions in
electricity consumption under stabilization are éovthan relative reductions in total
primary energy. One reason for this result is dbattricity price increases are smaller
relative to those for direct fuel use because tle¢ ihput, while important, is only part of
the cost of electricity supply to the consumersdilthe long-term cost of the transition to
low and non-carbon-emitting sources is relativehaber in electricity production than in
the remaining sectors taken as an average.

There are substantial differences in the scaldatfay power generation across the three
reference scenarios, as shown in ChaperdBrepeated at the top of Figure 4.11. Power
generation increases from about 50 EJ/y in the 38@0 to between 230 EJ/y (IGSM) to
310 EJ/y (MiniCAM) by 2100. In all three referensmenarios, electricity becomes an
increasingly important component of the global ggesystem, fueled by growing
guantities of fossil fuels. Despite differencesha relative contribution of different fuel
sources across the three reference scenariosptotlction of electricity from fossil

fuel rises from about 30 EJ/y in 2000 to betweed E3/y and 190 EJ/y in 2100. Thus,
the difference in total reference-case power ge¢imeramong the models reflects
differences in the deployment of non-fossil endigyns: biofuels, nuclear power, fuel
cells, and other renewables such as wind, geotheamé solar power.

Figure 4.11. Global Electricity Generation by Faetoss Scenarios

Figure 4.12. Changes in Global Electricity by Faeloss Stabilization
Scenarios , Relative to Reference Scenarios

The imposition of radiative forcing limits dramatlty changes the electricity sector.
Common results in all 3 models is that CCS (withlcgas, and where present with oil-
generated power) is deployed at a large scaledgrtd of the century, and use of coal
without CCS declines and eventually is not vialblee IGSM, as has been noted, restricts
nuclear expansion, and other renewables are e#heurce limited (hydro power,
electricity from biofuels) or become costlier t@agrate into the grid as their share of
electricity rises because they are intermittennfidsolar). Partly as a result, natural gas
use is increased in electric generation in the IGEbilization scenarios, especially in
the nearer term before CCS becomes economicaltyevidn MERGE,carbon free
technologies including non-biomass renewables aictear are viable and thus are
favored over natural gas, whose use falls reldovie reference. The MiniCAM model
also finds that nuclear and non-biomass renewaldegg technologies capture a larger
share of the market. At the less-stringent legékstabilization, i.e., Levels 3 and 4,
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additional biofuels are deployed in power genergtand total power generation
declines. Under the most stringent stabilizaterel, commercial bio-fuels used in
electricity generation in MiniCAM are diverted tioet transportation sector, and use
actually declines relative to the reference towhsdend of the century. The IGSM has
biomass liquid for transportation out-competing unselectricity generation in the
reference and all 4 stabilization scenarios. Tifferénce between MiniCAM and the
IGSM likely reflects the higher fuels prices in #&SM discussed in Section 4.6.3.

All modeling groups assumed that £€€vuld be captured and stored in secure
repositories, and, as noted, in all cases CCS besantarge-scale activity. Annual
capture quantities are shown in Table 4.4. Itwsags one of the largest single changes
in the power-generation system in response tolsation in radiative forcing, as can be
seen in Figure 4.12. As with mitigation in gene@CS starts relatively modestly in all
the scenarios, but grows to large levels. Thd sdteiage over the century is recorded in
Table 4.5spanning a range from 20 GtC to 92 GtC for Levahd 231 GtC to 278 GtC
for Level 1. The modeling groups made no atterpéeport either location of storage
sites for CQ or the nature of the storage reservoirs, but teesrarios are within the
range of the estimates of global geologic reservapacity.

Table 4.4. Global Annual CCCapture and Storage in 2030, 2050, and 2100
for Four Stabilization Levels

Table 4.5. Global Cumulative G@apture and Storage in 2050 and 2100 for
Four Stabilization Levels

Deployment rates in the models depend on a vaoietircumstances, including capture
cost, new plant construction versus retrofittingdwisting plants, the scale of power
generation, the price of fuel inputs, the costafpeting technologies, and the level of
the CQ price. ltis clear that the constraints on radetorcing considered in these
scenarios are sufficiently stringent that, if C&%wailable at a cost and performance
similar to that considered in these scenariospitld be a crucial component of future
power generation.

Yet capture technology is hardly ordinary todayeo(®gic storage is largely confined to
experimental sites or enhanced oil and gas recovEngre are as yet no clearly defined
institutions or accounting systems to reward sechriology in emissions control
agreements, and long-term liability for stored ®1@s not been determined. All of these
issues and more must be resolved before CCS cepldylon the scale envisioned in
these stabilization scenarios. If CCS were unaiéel the effect would be to increase the
cost of achieving any of these stabilization sc@sai hese scenarios tend to favor CCS
but that tendency could easily change with diffesssumptions about nuclear power
that are well within the range of uncertainty abltitire costs and policy environment.
Nuclear power carries with it issues of long tetorage or disposal of nuclear materials
and proliferation concerns. Thus, the viabilityooth CCS or nuclear depend on
regulatory and public acceptance issues. Absei& &« nuclear fission, these models
would need to deploy other emissions abatementipthat could potentially be more
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costly, or would need to envision large breakthtwuig the cost, performance, and
reliability of other technologies. This study hat attempted to quantify the increase in
costs or the reorganization of the energy systanvtiould be required to achieve
stabilization without CCS. This sensitivity is @mmportant item in the agenda of future
research.

The fact that no clear winner emerges from amoagsthte of non-fossil power-
generating technologies reflects technological ttagdy that lead to differences among
the modeling teams regarding expectations for utechnology performance, market
and non-market factors affecting deployment, aedullimate severity of future
emissions mitigation regimes.

4.4.3. Changes in Energy Patterns in the United States

Changes for the U.S. are similar to those obsefimetthe world in general. This pattern
reflects the facts that the mitigation policy iglemented globally, there are
international markets in fuels, each model makestrazhnologies globally available
over time, and the U.S. is roughly a quarter ofvtloeld total.

Energy-system changes are modest for stabilizagwel 4, as shown in Figure 4.13, but
even with this loose constraint, significant changegin upon implementation of the
stabilization policy (the first period shown is 2)2n the IGSM. At more stringent
stabilization levels, the changes are more subatantall three models. With Level 1
stabilization, the reduction is in U.S. primary eyyeconsumption ranges from 8 EJ/yr to
over 25 EJ/yr in 2020.

Figure 4.13. Change in U.S. Primary Energy by Fgebss Stabilization
Scenarios, Relative to Reference Scenarios

Near-term changes in the U.S. energy system shaw differences among models than
the long term adjustments. While oil consumptiomagls declines at higher carbon prices
for all the modeling teams and all stabilizatioginees, near-term changes in oil
consumption do not follow a consistent patterneréhs no ambiguity regarding the
effect on coal consumption, however, which declirdative to the reference scenario in
all stabilization scenarios for all models in ahé periods. Similarly, total energy
consumption declines along all scenarios. Nugbearer, commercial biomass, and
other renewable energy forms are advantaged witdaat one of them always deployed
to a greater extent in stabilization scenarios thahe reference scenario. The particular
form and timing of expanded development varies froadel to model. The same results
as in Figure 4.13 are shown in Figure 4.14 in teoimabsolute quantities.

The three models exhibit different responses rafigdifferences in underlying
reference scenarios and technology assumptions.lafgest change in the U.S. energy
system for the IGSM modeling team is always theicéidn in total energy consumption
augmented by an expansion in the use of commdicialass fuels and deployment of
CCS at higher carbon tax rates. Similarly, thgdat change in the MERGE model is the
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reduction in total energy consumption augmenteddptoyment of CCS and bioenergy,
augmented in some cases with increased use ofamypz@ver. The MiniCAM model
also exhibits reductions in total energy consunmpéind increases in nuclear power,
along with smaller additions of commercial biomasd other renewable energy forms.

Figure 4.14. U.S. Primary Energy by Fuel acros1&ces

The adjustment of the U.S. electric sector to theowus stabilization levels shown in
Figure 4.15 is similar to the world totals in Figut.12.

Figure 4.15. Change in U.S. Electricity by Fuelossr Stabilization Scenarios,
Relative to Reference Scenarios

It is worth re-emphasizing that reductions in egazgnsumption are an important
component of response at all stabilization levelali scenarios. These reductions reflect
a mix of three factors:

» Substitution of technologies that produce the sanexgy service with lower
direct-plus-indirect carbon emissions,

» Changes in the composition of final goods and sesyishifting toward
consumption of goods and services with lower dipas-indirect carbon
emissions, and

* Reductions in the consumption of energy services.

This report does not attempt to quantify the reeatontribution of each of these
responses. Each of the models has a differeintf $ethnology options, different
technology performance assumptions, and differardehstructures. Furthermore, no
well-defined protocol exists that can provide aquiei attribution among these three
general processes. We simply note that all threatawork.

4.5. Stabilization Implications for Agriculture, Land-Us e, and Terrestrial Carbon

The three modeling teams apply three different apgines to the production of
biofuels from land. Two of the modeling teams egga explicit agriculture-
land-use models to determine production of bioepergps. They found that
stabilization scenarios lead to expanded deployréhtofuels relative to the
reference scenarios.

Similarly, the three modeling teams employ diffesgproaches to the treatment
of the terrestrial carbon cycle, ranging from a pis“neutral biosphere” model
to a state-of-the-art terrestrial carbon-cycle mbdi two of the models, a “CO
fertilization effect” plays a significant role. Astabilization levels become more
stringent, CQ concentrations decline and terrestrial carbon Wgaleclines, with
implications for emissions mitigation in the enesgygtor.
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Despite the differences across the modeling tetneatments of the terrestrial
carbon cycle, the aggregate behavior of their carlogcles is similar, although
this similarity likely understates many of the dereypncertainties of how
terrestrial systems will respond to environmentamge and how policy
incentives can be designed to create incentivealiatement strategies related to
land use and land use change.

In stabilization regimes, the cost of using fofisdls and emitting C&xrises, providing an
increasing motivation for the production and transfation of bio-energy, as shown in
Figure 4.16. In all of the scenarios, productiegibs earlier and produces a larger share
of global energy as the stabilization limit becomese stringent. In the presence of less-
stringent stabilization limits, production of bioeps is lower in the second half of the
century in the MERGE and MiniCAM scenarios than@®M. Differences between the
models with respect to biomass deployment areingilg due to different treatments of
agriculture and land use but also result from thiestuite of competing technologies and
behavior assumptions.

Although total land-areas allocated to bioenergypsrare not reported in these scenarios,
the extent of land area engaged in the producti@mergy becomes substantial. This is
possible only if appropriate land is available, ethhinges on future productivity
increases for other crops and the potential ofri@ogy crops to be grown on lands that
are less suited for food, pasture, and forestoth MiniCAM and IGSM, the two

models with agriculture and land use submodels atheis on land for biofuels cause land
prices to increase substantially as compared Wweéhéference because of competition
with other agricultural demands.

Figure 4.16. Global and U.S. Commercial Biomassl®tton across Scenarios

Stabilization scenarios limit the rise in €&ncentrations and reduce the LLO
fertilization effect below that in the referencesario, which in turn leads to smaller
CO, uptake by the terrestrial biosphere. The effetanger and begins earlier the more
stringent the stabilization level. For examplgufe 4.17hows that in the IGSM Level
4 scenario, the effect becomes substantial afté® 20d amounts to about 0.8 GtCly in
2100. The IGSM Level 1 scenario begins to deparkedly from the reference before
2050, and the departure from reference grows tooappately 2.0 GtC/y by 2100. The
effect of the diminished CJertilization effect is to require emissions métgn in the
energy-economy system to be larger by the amouttieodifference between the
reference aggregate net terrestriab@Ptake and the uptake in the stabilization scenari
MiniCAM exhibits similar behavior in the carbon dgc

Figure 4.17. Net Terrestrial Carbon Flux to the Asphere across Scenarios

MiniCAM also includes a second effect that restribgn the interaction between the
energy system and emissions from changes in lagdsush as converting previously
unmanaged lands to agricultural production, AK38M, economic competition among
alternative human activities, crops, pasture, maddgrests, bioenergy crops, and
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unmanaged ecosystems determine land use. In MiniGAis competition also
determines land-use change emissions. One implicaiincreasing pressure to deforest
under stabilization in order to clear space fontass crops (Sands & Leimbach, 2003).
This effect is best exhibited in the Level 1 scesrin which the terrestrial biosphere
becomes a net source of carbon rather than aink2050 to past 2080. The effect
subsides after 2080 because commercial biomassigirod ceases to expand beyond
2080, reducing any further pressure to deforesbifmmass crops. Thus, terrestrial uptake
in MiniCAM is reduced because of the lower £fértilization effects as in the IGSM,
and it is also reduced by any land use change emssthat derive from the increasing
demand for bioenergy crops. MERGE maintains itdnaéterrestrial biosphere in the
stabilization scenarios.

MiniCAM results reported in Figure 4.17 assume thath fossil fuel and terrestrial
carbon are priced. Thus, there is an economigiineeto maintain and/or expand stocks
of terrestrial carbon as well as an incentive tadomore land under cultivation to grow
bioenergy crops. Pricing terrestrial carbon exantsmportant counter-pressure to
deforestation and other land-use changes that ggeniecreased emissions. To illustrate
this effect, sensitivity cases were run using MM in which no price was applied to
terrestrial carbon emissions. These sensitivéylte showed increased levels of land-use
change emissions when terrestrial carbon was noédaparticularly at the more
stringent stabilization levels, and the potentoald vicious cycle to emerge. Efforts to
reduce emissions in the energy sector createdcantine to expand bioenergy
production without a counter incentive to mainteambon in terrestrial stocks. The
resultant deforestation increased terrestriaj €@issions, requiring even greater
reductions in fossil fuel C£emissions, even higher prices on fossil fuel caylamd

further increases in the demand for bioenergy,itepdn turn, to additional

deforestation. The MiniCAM results reported hereid this vicious cycle because they
include a policy architecture that places a valugeorestrial carbon.

Despite the significant differences in the treattradrierrestrial systems in the three
models, it is interesting to recall from Figure@tBat the overall behavior of the three
carbon-cycle models is similar.

4.6. Economic Consequences of Stabilization

The price paths for C£and the other GHGs that are needed to achieve the
stabilization targets show similar patterns acrdiss three models. However there
are substantial differences in the estimate ofntlagnitude of the effort needed.
Many factors contribute to the differences, butltrgest factors are differences
among reference scenarios (which determine theafitee needed reductions) and
variation in assumptions about technology develagmthat may be achieved by the
latter half of the century. For the most stringéetel 1, for example, carbon prices
in 2050 range from $450 to $850 per ton, and in@ddnge from $600 to several
thousand dollars, with the IGSM results producing higher-end costs in all
scenarios.
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The penalties on C{emissions have an influence on the producer poéésssil
fuels. For oil and coal the main effect is a falthe producer price, with the oil
price most affected in the EPPA stabilization sceEsa Effects on natural gas prices
are influenced as well, particularly in the EPPAesarios, where with less stringent
targets gas prices increase due to substitutioratdvgas. Electricity prices
generally increase because they reflect the caddmwance price but the increase is
moderated because of the possibility of substigution-carbon, and lower carbon
emitting fuels, and the fact that fuel cost (inalesof carbon price) is only one
component of cost. These effects are, of courstheoproducer price; the consumer
user cost for all fuels (fuel price plus the carlmice for emitted carbon, plus any
added cost of capturing and storing carbon) areneigunder the stabilization
scenarios.

The macroeconomic costs of stabilization, measasechange in Global World
Product, mirror the results for carbon prices, ngiover time and with the stringency
of the constraint. Substantial differences appeaoag the models with the ISGM
producing considerably higher costs than the othar. For example, the estimated
reduction in Gross World Product for stabilizatiahLevel 1 at mid-century is about
2% for MiniCAM and MERGE to approximately 5% forE& In 2100 on the other
hand the range is from 16% for EPPA to between %296 for the other two
models. This difference stems from differencé&efierence Scenario emissions and
differenet assumptions about technology developrpanticularly in the second half
of the century. The range is an indication of ih@tk to knowledge of technology
advance a half-century and more into the future.

46.1. Variation in Carbon Prices across Models

All three modeling teams show that Level 1 requimesh higher carbon prices than the
other three stabilization levels, as can be seé&iguare 4.18. All implemented prices or
constraints that provided economic incentives @m@lemissions, and the instruments
used can be interpreted as the carbon value thatibe consistent with either a
universal cap-and-trade system or a harmonizedna#x.

Figure 4.18. Carbon Prices across Stabilizatiom&ues

The similarity of the general pattern of the priiahs, rising over time, reflects the
similarity of an economic approach employed byttiree modeling teams, discussed in
Section 4.2. The carbon cycle requires all stzdiilon paths eventually to reach an
emissions peak and thereafter to reduce emissioeetr lower levels — a pattern that
tends to generate a rising carbon price over tBtabilization Levels 2, 3, and 4 would
eventually require emissions levels in the pos@@geriod to fall to levels as low or
lower than Level 1 stabilization scenario emission8100. Thus, stabilization of
concentrations at these higher levels delays timaatle emissions limitation task in time.

The IGSM shows the highest marginal costs in all &tabilization scenarios. Yet the
marginal abatement curves of the IGSM, MERGE, amiGAM models are very
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similar for the 2050 period when plotted in ternigpercentage reduction from reference,
seen in Figure 4.19. The model behaviors divanghe post-2050 period, reflecting
differences in long-term technology expectatiomsl this variation has repercussions for
earlier periods. The IGSM results anticipate Egsificant technological breakthroughs
so overall price incentives for abatement mustigkdr late in the century to achieve
particular percentage reductions. With relatively lcost abatement options appearing
after 2050, the MiniCAM carbon prices are lower tioe same percentage reductions in
2100, as shown in the figure. The MERGE resuksb@sed on technology assumptions
similar to MiniCAM and also show a marginal abatem&urve lower than that of the
IGSM.

Figure 4.19. Relationship between Carbon PriceRerdentage Abatement in
2050 and 2100

The reference scenario also plays an important woth the IGSM producing higher

CO; emissions in the middle of the century than theeotnodels, contributing to
cumulative CQ emissions that must be abated at some point fexaehktabilization
targets. The results also depend on other scecam@onents, such as interactions with
land-use emissions and non-CGHGs. Recall that the MiniCAM model has higher,CO
emissions and higher G@oncentrations in the stabilization scenarios tharother
models as a direct consequence of its estimatadoe substantial opportunities for
emissions mitigation opportunities in the non-G&HGs, in particular for Cl thus
leaving room under the forcing caps for a largetiwbuation from CQ.

With a somewhat larger mitigation burden in the diedof the century, the IGSM
scenarios require larger percentage cuts ia €fssions in 2050, thus moving IGSM
further up the mitigation supply schedule thandtieer two models. By 2100, the
marginal abatement curves show the IGSM abatirggrees/hat lower percentage but
generating much higher carbon prices. Thus, tsyghint the different technological
assumptions of the models dominate.

Prior to 2050, absolute differences in carbon praeross the scenarios are smaller than
in 2100 (see Table 4).6while relative differences are far larger. Ofeydhe carbon

price rises and then falls in the MERGE Level Inse®. This result derives, among
other things, from the forward-looking structureMERGE along with limits on the pace
at which energy-sector capital can be put retiredireplaced. A substantial transition
takes place in the middle of the century that tengsush against these limits; the
transition effects are less substantial later endéntury.

Table 4.6. Carbon Prices in 2020, 2030, 2050, dif9d 2Stabilization
Scenarios

4.6.2. Stabilization and Non-CO, Greenhouse Gases

Each of the three models employs a different ambréa the non-COGHGs. After
CO,, CH, is the next largest component of reference scemadiative forcing. The three
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models project different reference scenario emmss{&igure 3.18). The IGSM reference
scenario starts in the year 2000 at about 350 Ma@dyrises to more than 700 MtCly
(Figure 4.7), while the MERGE and MiniCAM modelgjoein the year 2000 with 300
MtCly in the year 2000. These are anthropogenihame emissions and the differences
reflect existing uncertainties in how much of tatedthane emissions are from
anthropogenic and natural sources. MERGE, €iissions grow to almost 600 MtC/y in
the reference scenario. The MiniCAM reference aderns characterized by a peak in
CH,4 emission at less than 400 MtCly, followed by alidedo about 300 MtCly.

Each of the groups took a different approach ttrgea stabilization constraint on GH
The MiniCAM scenarios employ GWP coefficients, Be price of CHis simply the
price of CQ multiplied by the GWP — a constant as seen inreigu20.

Figure 4.20. Relative Prices of GHnd NO to Carbon across Stabilization
Scenarios

In contrast, the MERGE model determines the retgpiice of CH to carbon in the
inter-temporal optimization. The ratio of Gkb carbon prices begins very low although
it is higher the more stringent the stabilizatiaaly The relative price then rises at a
constant exponential rate of 9% per year in theeL2y 3, and 4 stabilization scenarios.
The Level 1 stabilization regime begins from a leigimitial price of CH and grows at
8% per year until is approaches a ratio of betwdeand 10 to 1, where it remains
relatively constant. These results are the prodiah inter-temporal optimization for
which a constraint in the terminal value of radiatforcing is the only goal. Manne and
Richels (2001) have shown that different pattemespassible if other formulations of the
policy goal, such as limiting the rate of changeaafiative forcing, are taken into
account.

IGSM employs a third approach. Methane emissioadimited to a maximum value in
each stabilization scenario: Level 4 at 425 Mt@Chyel 3 at 385 MtCly; Level 2 at 350
MtCly; and Level 1 at 305 MtC/y. As a consequetce,ratio of the price of CHo
carbon initially grows from one-tenth to a maximofrbetween 3 and 14 between the
years 2050 and 2080 and then declines thereafsgoréviously discussed, this reflects
an implicit assumption that a long run requirenm@rgtabilization means that eventually
each substance must be (approximately) indepernyd&atiilized, and absent an explicit
evaluation of damages of climate change, any wediime path of relative GHG prices
can not be determined.

As with CH,, reference emissions ob® vary across the three modeling groups (see
Figure 3.17). The IGSM reference trajectory roygtdubles from approximately 11
MtCly to approximately 25 MtC/y. In contrast, tEERGE and MiniCAM reference
scenarios are roughly constant over time.

The MERGE model also sets the price gON\as part of the inter-temporal optimization
process, as shown in Figure 4.20. Note that tlagive price trajectory has a value that
begins at roughly the level of the GWP-based nadgpirice used in the MiniCAM
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scenarios and then rises, roughly linearly withetinThe relative price approximately
doubles in the Level 4 stabilization scenario, ibwimost constant in the Level 1
stabilization scenario. Thus, in the Level 1 scenthe relative price path of the
MERGE scenario and the MiniCAM scenarios are viguhe same.

In contrast, IGSM stabilization sets a path toexgetermined BD concentration for
each stabilization level, and the complexity of pinee paths in Figure 4.20 shows the
difficulty of stabilizing the atmospheric level tifis gas. Natural emissions of@ are
calculated, which vary with the climate consequsrafestabilization. The main
anthropogenic source, agriculture, has a complicakationship with the rest of the
economy through the competition for land use.

The approaches employed here do not necessarilydeae stabilization of the
concentrations of these gases before the end diviiray-first century, as concentrations
are still rising slowly in some cases but belowtrget (see Figure 4.3 and Figure 4.21).
How the longer term stabilization target was apphea was independently developed by
each modeling team.

Figure 4.21. MO Concentrations across Scenarios
4.6.3. Stabilization and Energy Markets

The carbon price drives a wedge between the proguime of fuels and the cost to the
user. Table 4.7 provides an approximation of thidhe relationship. A given carbon

price has the largest impact on user cost of copercentage terms because the fuel price
per unit of energy is low and carbon emissiongalaively high per unit of energy. In
comparison, natural gas prices were at historibsig recent years and Gémissions

per unit of energy are low and so especially asragntage of the fuel price a given
carbon price has a relatively smaller effect.

Table 4.7. Relationship Between a $100/ton Cartenand Energy Prices

Stabilization scenarios tend to result in a lowerld price of oil (Figure 4.22). Level 4
stabilization scenarios have a relatively modefgiceon the oil price, particularly prior to
2040 but this effect is stronger the more stringkatlevel of stabilization. The three
models give different degrees of oil price redutti@nging from the IGSM model which
shows the most pronounced effects, to the MERGEemsbich shows a substantial
effect only in the level 1 scenario. The effectwaorld oil prices in turn depends on
many factors, including how the supply of oil isacacterized, the carbon price, and the
availability of substitute technologies for prowditransportation liquids, such as
biofuels or hydrogen.

Figure 4.22. World Oil Price, Reference and Stahtlon Scenarios

Figure 4.23. United States Mine-mouth Coal PricefeRence and Stabilization
Scenarios
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Figure 4.24. United States Natural Gas ProducerséPReference and
Stabilization Scenarios

Figure 4.25. United States Electricity Price, Refere and Stabilization
Scenarios

Coal prices are similarly depressed in stabilizatoenarios (see Figure 4.23). The
effect is mitigated by two features: the assumeddlability of CCS technology, which
allows the continued large-scale use of coal ingrogeneration in the presence of a
positive price of carbon, and a coal supply schethat is highly elastic. That is,
demand for coal can exhibit large increases oreds&s without much change in price.
The high elasticity of supply in the MERGE modedults leave coal prices largely
unchanged across the scenarios, while MiniCAM &8N show lower supply price
elasticities and hence greater price responses.

The impact on the natural gas producer price isersomplex (see Figure 4.24). Natural
gas has roughly one-half the carbon-to-energy wtemal. Thus, emissions can be
reduced without loss of available energy simplyshigstituting natural gas for coal or oil.
As a consequence, two effects on the natural gaguper price work in opposite
directions. First, as the price of carbon risesural gas tends to be substituted for other
fuels, increasing its demand. But natural gastgubss, such as electricity, bioenergy, or
energy-efficiency technologies, will tend to digmat from markets, as happens for the
more carbon-intensive fuels. Thus, depending ersttength of these two effects, the
producer price of gas can either rise or fall.

The natural gas price is most affected in the IGSabilization scenarios, reflecting the
greater substitution of natural gas for coal in Mc&abilization Levels 2, 3, and 4. At
Level 1 stabilization, natural gas use is reducest the entire period. On balance, the
natural gas price is less affected by stabilizaiiotne MERGE and MiniCAM models
when the substitution and conservation effects@ughly offsetting.

While the price the sellers receive for oil andldeads to be either stable or depressed,
that is not the full cost of using the fuel. Buygay the market price, plus the value of
the carbon emissions associated with the fuel, visithe price of carbon times the
fuel's carbon-to-energy ratio. If they employ CQi& carbon emissions are lower but
they face the added cost of CCS. Any additiondd@a cost will be reflected in the fuel
buyer’s fuel price if the carbon taxes, or requipedmits in a cap-and-trade system, are
placed upstream with fuel producers. On the dtlaad, the actual fuel price impact they
see may be similar to the producer price impacaibon is regulated downstream where
the fuel is used. In this case, fuel users woeldlie to buy fuel relatively inexpensively
but would pay a separate large price for necessatyon charges associated with
emissions.

The effect on the price of electricity is anotheambiguous result (see Figure 4.25).
Because power generators are fossil fuel consurtiergyrice of electricity contains the
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implicit price of carbon in the fuels used for geat®n. All of the scenarios exhibit
upward pressure on electricity prices, and the rstriegent the stabilization level, the
greater the upward pressure. The pressure ielinby the fact that there are many
options available to electricity producers to lowetissions. These options include, for
example, the substitution of natural gas for ctied,use of CCS, the expanded use of
nuclear power, the use of bioenergy, and the exgrhnde of wind, hydro, and other
renewable energy sources.

4.6.4. Total Cost of Stabilization

Estimating the macroeconomic cost of stabilizatsonot a simple task either
conceptually or computationally. From an econopgcspective, cost is the value of the
loss in welfare associated with undertaking theqribed policy measures — or
equivalently, the value of activities that sociefijl not be able to undertake as a
consequence of pursuing stabilization. While thiecept is easy enough to articulate,
defining an unambiguous measure is problematics Hbt possible to directly observe
consumers’ preference functions, only the conswnpdecisions they face for a given
set of prices. One aspect of the difficulty thisil presents is demonstrated by Arrow’s
Impossibility Theorem (Arrow 1950) which holds tlzasocial welfare function only
exists if preferences among individuals are idatiSince we do not directly observe
preferences it is not clear that a well-definedaogelfare function exists, and in its
absence any measure of “cost” is a more or lessfaabry compromise.

Stabilization is further complicated by the neeadggregate the welfare of individuals
who have not yet been born and who may or mayhaespresent preferences. Even if
these problems were not difficult enough, econoro@shardly be thought to currently
be at a maximum of potential welfare. Pre-existimgyket distortions impose costs on
the economy, and climate measures may interactthwim so as to reduce or exacerbate
their effects. Any measure of global cost alssrinto the further problem of
international purchasing power comparisons disauss€hapter 3. Finally, climate
change is only one of many public goods, and meadoraddress other public goods
(like urban air quality) can either increase orrdase cost. In order to create a metric to
report that is consistent and comparable acrosthtke modeling platforms, all of these
issues would have to be addressed in some way.

Beyond conceptual measurement issues, any measluding GDP, depends
importantly on features of the scenario such as#iseimed participation by countries of
the world, the terms of the emissions limitatiogimee, assumed efficiencies of markets,
and technology availability — the latter includiegergy technologies, non-GQas
technologies, and related activities in non-enegptors, e.g., crop productivity that
strongly influences the availability and cost obgucing commercial biomass energy. In
almost every instance, scenarios of the type eggdlbere employ more or less idealized
representations of economic structure, politicgislen and policy implementation, i.e.,
conditions that likely do not well reflect the reabrld, and these simplifications tend to
lead to lower mitigation costs.
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Finally, making an estimate of global economic ¢bat reflects welfare would require
explicit consideration of how the burden of redotivas shared among countries, and
the welfare consequences of income effects on peersus wealthier societies. Of
course, if the world were to discover and deplaydpcost technology options than those
assumed here, these costs could be lower. Ortltbe fvand, if society does not deliver
the cost and performance for the technologies asdumthese scenarios, costs could be
higher.

While all of the above considerations have not ®dansively investigated in the
literature, the implications of less than ideal iempentation has been investigated and
these analyses show that it could increase the sosistantially. Richels et al. (1996)
showed that for a simple policy regime, eliminatingernational “where” and “when”
flexibility, while assuming perfect “where” flexilitly within countries, could potentially
raise costs by an order of magnitude comparedptaiey that employed “where” and
“when” flexibility in all mitigation activities. Rchels and Edmonds (1995) showed that
stabilizing CQ emissions could be twice as expensive as staigliZiQ, concentrations
and leave society with higher G@oncentrations. Babiker et al. (2000) similahpwed
that limits on “where” flexibility within countriesan substantially increase costs —
although employing “where” flexibility also can iase costs in the context of tax
distortions (Babiker et al., 2003a,b; Babiker et2004; Paltsev, et al., 2005)

With that prologue, Figure 4.26 reports the chamig@éross World Product during the
twenty-first century in the year in which they oconeasured at market exchange rates.
This information is also displayed in Table 4.&heTuse of market exchange rates is a
convenient choice given the formulations of the sile@mployed here, but as discussed
above and in Chapter 3 the approach has limitstfeeBox 3.1 in Chapter 3). While
change in Gross World Product is not the intellaitfumost satisfying measure it serves
as a common reference point.

Figure 4.26. Global GWP Impacts of Stabilizationogs Stabilization Levels

Table 4.8. Percentage Change in Gross World PradBtabilization
Scenarios

Overall, the models yield similar patterns in tlostaesults. For example, as the degree
of stringency in the radiative forcing target tighs costs go up: costs of Level 1 GWP
reductions always exceed Level 2 and so forththeamore, GWP reductions rise non-
linearly as the degree of stringency increases.dé¥ew for any degree of stringency
significant variation is observed across the modélsese differences in turn can be
traced to differences in model assumptions. Whikas not possible to undertake the
intensive model inter-comparisons that would beessary to fully unravel the sources of
these differences, some insights are possible.

As shown in Figure 4.19, the price of carbon fgiven percentage reduction in
emissions are similar among the models throughaeidury. Differences in cost
through 2050 are thus mainly the result of diffeesnin the required abatement. The
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reference projections contribute to this differen@é&e IGSM reference scenario reaches
18 GtCly in 2050 compared with 12 GtC/y for MERGH d 4 GtC/y for MiniCAM

(Figure 4.6). Thus, for a given stabilization esmoss trajectory, the IGSM would tend to
have the highest global GDP cost because it mageabore emissions and, as does so is
forced up the abatement schedule to higher carboaesp

In the post-2050 period, the relationship betweaarssions mitigation and the price of
carbon, shown in Figure 4.19, is less similar axths three models. For the year 2100
the relationship between carbon prices and pergergmissions mitigation in MiniCAM
and MERGE has shifted to the right relative t®{#%0 positions while the IGSM
mapping has shifted to the left. These differemeéisct differences in assumptions
about the availability of technological options feducing carbon emissions.

An important aspect of how the carbon price patbsevget in these scenarios—rising at
or near the discount rate—means that abatementeegents and costs will be smoothed
over the whole period. The lack of low-cost tedbgeal options in the IGSM toward
the end of the century tends to shift abatemert ératement cost) back to the first half
of the century, relative to the result for MiniCAdhd MERGE. Thus, carbon prices and
global GDP costs are higher throughout the cerfturthe IGSM model, and costs
through 2050 are high because of the relativeljpdrigeference through 2050 but also
because abatement in the first of half of the agritufavored because fewer
opportunities exist to abatement in the seconddfdlie century.

Much of the difference in technological opportugstin the second half of the century
result from differences in end-use sectors, bugdjnndustry and transport, rather than in
power generation. In power generation all threelefmhave essentially decarbonized by
the year 2100 (Figure 4.11), but not in the endsges¢tors where fossil fuels remain
important. One aspect of this, is that end uswsem the MERGE and MiniCAM
scenarios make greater use of electricity thahen&SM stabilization scenarios. Thus,
the relative ease that all three models displagmoving carbon from power generation
is especially helpful to the MERGE and MiniCAM silaation scenarios as end-use
applications substitute more easily to electritityleliver energy services in these
models. The variation in estimated cost servemtterscore the importance of the rate
and character of technological change over longgsiof time, and the fundamental
uncertainty regarding technology developments rttwaa half a century into the future.
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Table 4.1.Long-Term Radiative Forcing Limits by Stabilizatibavel, Approximate
Distribution among GHGs, and Corresponding AppratenCQ Concentration
Levels.Note that the approximate distribution of radiatieecing among C®and
non-CQ gases, and the associated £f0ncentrations, were used as a guide to
develop the radiative forcing stabilization levelie actual distribution among gases
and resulting C@concentrations do not exactly match these appratartargets in
any of the scenarios. Only the total radiative fogctarget is binding.

Approximate
Contribution to | Approximate
Radiative Radiative Contribution  Corresponding
Forcing Limit Forcing from to Radiative CO,
from Study non-CO, Forcing from  Concentration
Gases (W/m?) | Gases (W/m?) | CO, (W/m? (ppmv)
Level 1 3.4 0.8 2.6 450
Level 2 4.7 1.0 3.7 550
Level 3 5.8 1.3 4.5 650
Level 4 6.7 1.4 5.3 750
Actual Year 2000 2.2 0.7 15 370
Actual Pre-Industrial 0 0 0 275

Table 4.2. Radiative Forcing in the Year 2100 acgss Scenarios

Radiative Forcing in 2100
(Wm? relative to pre-industrial)
Long-Term Radiative
Stabilization Forcing Limit IGSM MERGE | MiniCAM
Level (Wm . relatl\{e to pre-
industrial)

Ref No Constraint 8.6 6.6 6.4
Level 4 6.7 6.1 6.2 6.1
Level 3 5.8 5.4 5.7 5.5
Level 2 4.7 4.4 4.7 4.5
Level 1 3.4 3.5 3.4 3.4
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Table 4.3. CQ Concentrations in the Year 2100 across Scenariogpgmv).

Note that the approximate distribution @€bncentrations were used as a guide to
develop the radiative forcing stabilization levélfie models were required to meet
the total radiative forcing limits.

CO, Concentration in 2100 (ppmv)
Approximate Long-
i 3 IGSM MERGE | MiniCAM
Concentration
Level -
Limit (ppmv)

Ref -- 875 711 746
Level 4 750 677 670 716
Level 3 650 614 619 656
Level 2 550 526 535 562
Level 1 450 451 426 456
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Table 4.4. Global Annual CQ Capture and Storage in 2030, 2050,
and 2100 for Four Stabilization Levels

Annual Global Carbon Capture and
Storage (PgCly)
Stabilizatio
n Level Year IGSM MERGE MiniCAM
2030 0.01 0.00 0.09
Level 4 2050 0.44 0.00 0.15
2100 4.12 2.41 0.72
2030 0.05 0.00 0.10
Level 3 2050 0.83 0.00 0.19
2100 4.52 4.78 2.75
2030 0.12 0.00 0.13
Level 2 2050 1.96 0.44 0.38
2100 4.97 6.63 5.56
2030 0.37 0.66 0.82
Level 1 2050 2.76 2.24 2.95
2100 4.44 7.13 6.23

Table 4.5. Global Cumulative CQ Capture and Storage in
2050 and 2100 for Four Stabilization Levels

Cumulative Global Carbon Capture
and Storage (PgC)

Sl o IGSM | MERGE | MiniCAM
Level Year

2030 0.0 0.0 1.1

Level 4 | 2050 3.6 0.0 3.4

2100 91.7 21.1 20.7

2030 0.2 0.00 1.2

Level 3| 2050 8.5 0.0 4.0

2100 | 152.8 64.2 51.8

2030 0.5 0.0 1.5

Level 2| 2050 19.5 3.2 6.4

2100 | 208.0 187.7 144.2

2030 1.8 7.4 6.9

Level1 | 2050 | 36.7 32.4 43.0

2100 | 230.6 272.5 278.0
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Table 4.6. Carbon Prices in 2020, 2030, 2050, ag&l00, Stabilization Scenarios

2020 ($/tonne C) 2030 ($/tonne C)
Stabilization
Level IGSM MERGE | MiniCAM IGSM MERGE | MiniCAM
Level 4 $18 $1 $1 $26 $2 $2
Level 3 $30 $2 $4 $44 $4 $7
Level 2 $75 $8 $15 $112 $13 $26
Level 1 $259 $110 $93 $384 $191 $170
2050 ($/tonne C) 2100 ($/tonne C)
Stabilization
Level IGSM MERGE | MiniCAM IGSM MERGE | MiniCAM
Level 4 $58 $6 $5 $415 $67 $54
Level 3 $97 $11 $19 $686 $127 $221
Level 2 $245 $36 $69 $1,743 $466 $420
Level 1 $842 $574 $466 $6,053 $609 $635

Table 4.7. Relationship Between a $100/ton Carbodrax and Energy Prices

Base Cost Added Cost | Added Cost

Fuel ($2005) $) (%)

Crude Oil ($/bbl) $60.0 $12.2 20%

Regular Gasoline ($/gal $2.39 $0.26 11%
Heating Oil ($/gal) $2.34 $0.29 12%

Wellhead Natural Gas ($/tc $10.17 $1.49 15%
Residential Natural Gas ($/to $15.30 $1.50 10%
Utility Coal ($/short ton) $32.6 $55.3 170%
Electricity (c/kwh) 9.6 1.76 18%

Source: Bradley et al. (1991), updated with USage prices for the™4quarter of 2005 as reported by
US DOE, EIA, Short-Term Energy and Winter Fuelsi@ak October 10th, 2006 Release
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Table 4.8. Percentage Change in Gross World Produm Stabilization Scenarios

Level 1

2020 2040 2060 2080 2100
IGSM 2.1% 4.1% 6.7% 10.1% 16.1%
MERGE 0.7% 1.4% 1.9% 1.8% 1.5%
MiniCAM 0.2% 0.7% 1.3% 1.3% 1.2%
Level 2

2020 2040 2060 2080 2100
IGSM 0.5% 1.2% 2.3% 3.9% 6.8%
MERGE 0.0% 0.1% 0.4% 0.6% 0.8%
MiniCAM 0.0% 0.1% 0.3% 0.5% 0.6%
Level 3

2020 2040 2060 2080 2100
IGSM 0.2% 0.4% 0.9% 1.8% 3.1%
MERGE 0.0% 0.0% 0.1% 0.2% 0.3%
MiniCAM 0.0% 0.0% 0.0% 0.1% 0.3%
Level 4

2020 2040 2060 2080 2100
IGSM 0.1% 0.2% 0.4% 0.9% 1.7%
MERGE 0.0% 0.0% 0.0% 0.1% 0.2%
MiniCAM 0.0% 0.0% 0.0% 0.0% 0.0%
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Figure 4.1. Total Radiative Forcing by Year acros$cenarios (W/nf). Radiative forcing trajectories
(W/m? increase from preindustrial) for the referencé fur stabilization levels show differences
among the models for the reference case but singitarlts in each of the stabilization scenarioBis T
result is a reflection of the design of the scevmariRadiative forcing is stabilized or close tabdized

in the Level 1 and Level 2 scenarios. Radiativeifgg remains below the Levels 3 and 4 targets in

2100, allowing for a gradual approach to the takgptls in the following century.
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Figure 4.2. Total Radiative Forcing by Gas in 210@cross Scenarios (W/rrelative to
preindustrial). CO; is the main contributor to radiative forcing by tend of the century. IGSM has
the highest contribution from non-GGHGs in the reference, but MERGE has the highastribution
from non-CQ GHGs in the stabilization cases, implying greatan-CQ control efforts in the IGSM
simulations. MiniCAM contributions are the lowestall scenarios, reflecting assumptions control of
these substances for non-climate reasons.
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Figure 4.3. CQ, Concentrations across Scenarios (ppmv)ln the reference scenarios atmospheric
concentrations of C£range from about 700 ppmv to 875 ppmv in 2100sxtbe models, with no sign
of slowing. Radiative forcing targets were choserthat CQ@ concentration levels would be
approximately 450, 550, 650, and 750 ppmv at station for Levels 1, 2, 3, and 4, respectivelyonid
of the models reach these targets precisely. @iffees among models occur because of the relative
contribution of other GHGs to meeting the radiafimeing targets, and because for Levels 3 ana4 th
models simulated a gradual approach to the stahdiz level that will not be reached until the
following century.
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Figure 4.4. CH, Concentrations across Scenarios (ppbv)There are larger differences among the
models for CH concentrations than for GOThese differences stem from different referescanarios,
abatement potentials, and methods of inter-gas agsgns that determined abatement levels.
MiniCAM used 100-year GWPs. MERGE endogenously&slabatement as it contributes to the
stabilization target, leading to relatively littlalue for controlling CH until the target was approached
due to the gas’s relatively short lifetime. 1GSMlslizes CH concentrations independently, requiring

constant emissions.
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Figure 4.5. Ocean CQ Uptake across Scenarios (GtC/y)Oceans have taken up approximately one-
half of anthropogenic emissions of €€ince pre-industrial times, and future ocean biginas an
important determinant of atmospheric concentratidrige three-dimensional ocean used for the IGSM
simulations shows the least ocean carbon uptake@mderable slowing of carbon uptake even in the
reference when carbon concentrations are contirtoinge. MERGE shows the largest uptake in the
reference, and greatest reduction from referentlearstabilization scenarios. MiniCAM is intermaiei

at most stabilization levels. At the more stringgtabilization levels, the MERGE and MiniCAM result
are similar.
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Figure 4.6.Fossil Fuel and Industrial CO, Emissions across Scenarios (GtC/y)-ossil fuel CQ
emissions vary among the models in the referendeglbthree simulate 2100 emissions in the rarfge o
22.5 to 24 GtC. Level 1 stabilization would requarge global emissions reductions as soon as the
stabilization policy was put in place (as the scesavere designed, after 2012). Across the models,
emissions are below current levels by 2100 in teeel 1 and Level 2 scenarios. Emissions peak
sometime around the mid-century to early in thet wertury in the Level 3 and Level 4 scenarios and
then begin a decline that would continue beyondstimilation horizon.
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Figure 4.7. CH, Emissions across Scenarios (MT Ciy). Emissions of anthropogenic GMary

widely among the models, reflective of uncertaiewgn in the current anthropogenic emissions. With
current concentrations and destruction rates velgtwell-known, the difference in current levels
means that IGSM ascribes relatively more to anthgepic sources and relatively less to natural ssurc
than do MERGE and MiniCAM. Wide differences insagos for the future reflect differing modeling
approaches, outlooks for activity levels that lemdbatement, and assessments of whether emissions
will be abated in the absence of climate policy.
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Figure 4.8. NO Emissions across Scenarios (MT XD/y). Anthropogeniemissions of BO in
stabilization scenarios show similarity among thedels despite a large difference in reference
emissions scenarios.
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Figure 4.9. Change in Global Primary Energy by Fukacross Stabilization Scenarios, Relative to Refence Scenarios (EJ/y):
Fuel-source changes from the reference to theligttimn scenarios show significant transformatodithe energy system for all three
models. The transformation can begin later undeilevels 3 and 4 targets, but would need to coatinto the following century. The
transformation includes reductions in energy consion, increased use of carbon-free sources ofggreiomass, other renewables,
nuclear), and addition of carbon capture and séiEs. The contribution of each varies amongrtioelels, reflecting different
assessments of the economic viability, policy aggions, and resource limits.

IGSM MERGE MiniCAM
C_G 1,600 1,600 1,600
QO Non-Biomass Renewables Non-Biomass Renewables Non-Biomass Renewables
o 14004 " Nuclear 14004 " Nuclear 14004 " Nuclear
o ' B Commercial Biomass ' B Commercial Biomass ' B Commercial Biomass
| # Coal: w/ CCS | # Coal: w/ CCS | # Coal: w/ CCS
(@] é 1A M Coal: w/o CCS 1A M Coal: w/o CCS 1A M Coal: w/o CCS
= o © 1.000 1 Natural Gas: w/ CCS @ 1.000 1 Natural Gas: w/ CCS & 1.000 1 Natural Gas: w/ CCS
C O =h Natural Gas: w/o CCS = Natural Gas: w/o CCS = Natural Gas: w/o CCS
c c a # Oil: w/ CCS 2 # Oil: w/ CCS 2 # Oil: w/ CCS
8 L = 8001 moijl: wioccs = 8001 moijl: wioccs = 8001 moijl: wioccs
2, 2, 2,
n ? g 600 g 600 g 600 ]
3 L
o & 400 - 400 - . . 400 -
c = ] - |
Qn 200 200 200
()
"'q_) 0 0 0
o 2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100
Year Year Year
% 1200 1200 - 1200 -
c > ®CCS ® CCS ®CCS
o] (@) 1000 - Energy Reduction from Reference 1000 - Energy Reduction from Reference 1000 A Energy Reduction from Reference
c B T Non-Biomass Renewables T Non-Biomass Renewables T Non-Biomass Renewables
1 Nuclear 1 Nuclear 1 Nuclear
O = | B Commercial Biomass | B Commercial Biomass | B Commercial Biomass
.. = G H Coal o G H Coal = G H Coal
8 a g 400 1 .(l\;glxtural Gas g 400 1 .(l\;glxtural Gas g 400 1 .(l\;glxtural Gas
= ®© 8 200 1 : 8 2001 : 8 200 1 :
© E 3 3 = ]
cC .= =3 J 2 | =3 T p—— W
T = L% 0 L% 0 L% 0 Ll | |
8 ol -200 -200 -200
< g -400 - -400 - -400 -
F.J Q -600 - -600 -600
S0 -800 -800 -800
3 c 2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100
= Year Year Year

Monday, November 13, 2006 4-42



CCSP Product 2.1, Part A

CPDAC Draft V2

8-, 1200 1200 1200
c 2 ®CCS ccs ®CCS
© (@) 1000 - Energy Reduction from Reference 1000 - Energy Reduction from Reference 1000 - Energy Reduction from Reference
c ‘Cl__) Non-Biomass Renewables Non-Biomass Renewables Non-Biomass Renewables
U c 800 1 Nuclear 800 1 Nuclear 800 1 Nuclear
w 600 - B Commercial Biomass 600 - B Commercial Biomass 600 - B Commercial Biomass
. o H Coal = H Coal = H Coal
2] > a J Natural Gas a J Natural Gas a J Natural Gas
o > 400 > 400 > 400
= E G = Oil G = Oil G = Oil
E = < 200 - < 200 - < 200 -
< = 3 0 ﬁii_Eii-- 5 o = 0
oF |& | & &
O -200 - . . -200 - -200 -
n © -400 - . -400 - -400 -
(o @]
T Q -600 -600 -600
S O -800 -800 -800
3 c 2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100
= Year Year Year
8-, 1200 1200 1200
c > = CCS nCCS W CCS
© (@) 1000 - Energy Reduction from Reference 1000 - Energy Reduction from Reference 1000 - Energy Reduction from Reference
c CT) Non-Biomass Renewables Non-Biomass Renewables Non-Biomass Renewables
c 800 1 Nuclear 800 1 Nuclear 800 1 Nuclear
U w 600 4 ® Commercial Biomass 600 4 W Commercial Biomass 600 4 W Commercial Biomass
.- 5 m Coal 5 m Coal 5 m Coal
20 £ 400 A Natural Gas £ 400 A Natural Gas £ 400 A Natural Gas
g S Z = Oil 3 = Oil 3 = Oil
2 200 - 2 200 2 200 -
[ E} E} E}
Cg -% 04 i =----- % 0 . % 0/ T
Ly |a HEEN & i
O -200 A . . -200 A -200 A
2 8 -400 - . . . l -400 - -400 -
5 (@] -600 - -600 - -600 -
S O -800 -800 -800
3 c 2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100
= Year Year Year
% 1200 1200 1200
c > ®CCS ®CCS ®CCS
o] (@] 1000 - Energy Reduction from Reference 1000 - Energy Reduction from Reference 1000 - Energy Reduction from Reference
c B 800 Non-Biomass Renewables 800 Non-Biomass Renewables 800 Non-Biomass Renewables
1 Nuclear 1 Nuclear 1 Nuclear
O LICJ 600 4 ® Commercial Biomas 600 4 W Commercial Biomass 600 4 W Commercial Biomass
. 5 m Coal 5 m Coal 5 m Coal
8 ) £ 400 A Natural Gas £ 400 A Natural Gas £ 400 A Natural Gas
= E 3 mOil 2 mOoil 2 mOoil
2 200 - 2 200 - 2 200
© = = =
c.g 20 0 20 o S ol ;__ﬁ=-----
o m m m il et L1
o ||
8 -200 -200 -200 - . .
4 g -400 - -400 - -400 - . . .
F.J Q -600 - -600 - -600 -
SO -800 -800 -800
il.) c 2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100
= Year Year Year
IGSM MERGE MiniCAM
Monday, November 13, 2006 4-43



CCSP Product 2.1, Part A

CPDAC Draft V2

Figure 4.10. Global Primary Energy by Fuel across &narios (EJ/y). The transition to stabilization, reflected mostyuh the Level
1 scenario, means nearly complete phase-out af fassuse unless carbon capture and sequestratiemployed. Under the most

stringent stabilization constraint the simulatiomdude a 7- to 14-fold increase in non-fossil @yesources from present levels.
simulations indicate more of the carbon reductgomet through demand reductions than the othentaaels, with 2100 energy use cut
by up to one-half relative to the reference scenar2100. MiniCAM, in contrast reduces total eneby less than 20 percent. Levels 2,

3, and 4 require progressively less transformatampared with the reference scenario in the cora@mjury, delaying these changes
until the following century (beyond the simulatibarizon).
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Figure 4.11. Global Electricity by Fuel across Scemios (EJ/y). Global electricity sources would need to be tramsém to meet
stabilization goals. Carbon capture and sequéstrate important in all three models; thus, wiib@l use is reduced, it remains an
important electricity fuel. Use of CCS is the maupply response in IGSM, in part because nucleaepis limited by assumption to
reflect non-climate policy concerns. Nuclear agdemwvable electricity sources play a larger rol®lERGE and MiniCAM simulations.
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Figure 4.12. Changes in Global Electricity by Fuehcross Stabilization Scenarios, Relative to Referea Scenarios (EJ/y).There

are various electricity technology options thatlddae competitive in the future, and different asseents of their relative economic
viability, reliability, and resource availabilitg&d to different scenarios for the global eledtyisector in reference and stabilization
scenarios across the models. IGSM simulationeproglatively little change in the electricity sacin the reference, with continued
reliance on coal. MERGE and MiniCAM project latgansformations from current in the reference. tAiee models anticipate that
large changes relative to the reference scenanddize required to meet the stabilization targetshe less stringent scenarios, many of
these changes would be pushed into the next century
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Figure 4.13. Changes in U.S. Primary Energy by Fuelcross Stabilization Scenarios, Relative to Refaree Scenarios (EJ/y).
Scenarios for the United States energy system ueflEmence and the changes needed under the za#ibii scenarios involve
transformations similar to those reported for tlabgl system. Although it is not illustrated ingligure, one difference is the
transformation from conventional oil and gas totkgtic fuel production derived from shale oil oatolGSM projects heavy use of
shale oil in the reference with some coal gasificetwhereas MERGE simulates synthetic liquid aasegus fuels derived from coal.

MiniCAM utilizes moderate levels of both.
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Figure 4.14. U.S. Primary Energy by Fuel across Soarios (EJ/y). Simulated United States primary energy use undaefair
stabilization levels shows considerable differeac®sng the three models. All three models exhiblivarse energy mix throughout the
century, although the IGSM scenarios include reddyiless nuclear power and non-biomass renewdfdesthe other models. The
relative contributions of different technologiessothe course of the century depend on the spamftand performance characteristics

of the competing technologies represented in theeilse—assumptions that are highly uncertain.
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Figure 4.15. Change in U.S. Electricity by Fuel aoss Stabilization Scenarios, Relative to Referenc&cenarios (EJ/y) United States
electricity generation sources and technologiesneid to be substantially transformed to meetlstation targets. Carbon capture and
sequestration figure in all three models underiktabion scenarios, but the contribution of otseurces and technologies and the total
amount of electricity used differ substantially.
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Figure 4.16. Global and U.S. Commercial Biomass Pduoiction across ScenariosScenarios of the potential for commercial biomass
production for the world and the U.S. are simitamagnitude and behavior among the models. Comaidricmass production increases
over time in the reference scenarios due in laggetp technological improvements in bioenergy goopduction and increasing demand
for liquid fuels. Stabilization increases the deoh&or bioenergy crops, causing production to inseeaore rapidly and to reach higher
levels than in the Reference Scenario. Dramatwtr in bioenergy crop production raises imporiasties concerning the attendant
increases in the land that is devoted to thesescinpluding competition with other agriculturabps, encroachment into unmanaged
lands, and water and related resource and envinsahienpacts.
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Figure 4.17. Net Terrestrial Carbon Flux to the Atnosphere across Scenarios (GtC/y)The net
terrestrial carbon flux to the atmosphere, undiaremce and stabilization levels, reflects diffeenin
the model structures for processes that remainyhigicertain. MERGE assumes a neutral biosphere.
IGSM and MiniCAM generally represent the land ag@wing carbon sink, with the exception of the
Level 1 MiniCAM simulation, in which increased demdagfor land for biomass production leads to
conversion and carbon loss. This effect is paridulstrong prior to 2080 in the Level 1 MiniCAM

scenario.
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Figure 4.18. Carbon Prices across Stabilization Soarios ($/tonne C). Stabilization implies an economic penalty for emgtcarbon.

In all the models, this price rises, by design,rdiae until stabilization is achieved (or the eymhr 2100 is reached), and the prices are
higher the more stringent is the stabilization leVeere are substantial differences in carbongsrizetween MERGE and MiniCAM
scenarios, on the one hand, and the IGSM sceramitise other. Differences among the models refléfdrences in Reference Scenario
emissions and differences in the technologiesrthgiht facilitate carbon emissions reductions.
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Figure 4.19. Ratio of Relationship Between Carbonrize and Percentage Abatement in 2050 and
2100. The relationship between carbon price and percerdhgtement very similar among the models
in 2050. In 2100, a given percentage emissionsatexh is generally more expensive for IGSM than
for either MERGE or MiniCAM. The difference in 20@s due in large part to different assumptions
regarding the technologies available to faciliet@ssions reductions late in the century, withiIG8M
providing relatively fewer or more costly optiofh the other two models.
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Figure 4.20. Relative Prices of CilHland N,O to Carbon across Scenarios (Ckin log scale). Differences in the relative prices of ¢H
and NO to carbon reflect different model treatmentshid tradeoff, often referred to as “what’ flexilbyi MiniCAM set the tradeoff at
the CH, global warming potential, a constant ratio. MBERGptimized the relative price with respect to lttreg-run stabilization target.
IGSM forced stabilization of each gas independeniySM set emissions so that concentrations of @élild stabilize and allowed the
CH, price path to be determined by changing abateomgmrtunities. Given PO emissions from agriculture, the relative pricdNgD is
very high, in part because reference emissions higre Lower reference scenario emissions £ for MERGE and MiniCAM

allowed them to achieve relatively low emissionkater N,O prices.
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Figure 4.21. NO Concentrations across Scenarios (ppbv)Atmospheric concentrations ob@ range
from about 375 ppbv to 500 ppbv in 2100 acrossribdels, with concentrations continuing to rise in
the reference. Each modeling team employed ardrffeapproach to emissions limitations ofON

leading to differences in concentrations betweerrdierence and stabilization cases.
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Figure 4.22. World Oil Price, Reference and Stalitation Scenarios. World oil prices (producer prices) vary consideyahlthe

reference scenario, and reflect the highly unaerature of such scenarios, but all three modele/ghat policies to stabilize emissions tend
to depress producer prices relative to the referemote that producer prices are defined heretanclude any cost of carbon permits
related to combustion and release of carbon fromoleeim products.
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Figure 4.23. United States Mine-mouth Coal PriceReference and Stabilization ScenariosUnited States mine-mouth coal price varies
in the reference across the models. IGSM and MiMQroject coal prices to be depressed by stahibnascenarios, whereas MERGE
projects no impact reflecting characterization @dlcsupply as an inexhaustible single grade suafthiere is no rent associated with the
resource. Prices thus reflect the cost capitbgrlaand other inputs that are little affected iy $tabilization policy. Note that producer
prices are defined here to not include any cosadbon permits related to combustion and releasartbon from burning coal combustion.
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Figure 4.24. United States Natural Gas Producer®rice, Reference and Stabilization ScenariodJnited States natural gas producers’
prices vary in the reference across the modelsiQWk and MERGE show little effect on the gas prioe stabilization scenarios. IGSM
projects that stabilization at Levels 2, 3, andeteéase the price of gas because of substitutiwartbgas and away from coal and oil. Gas
prices fall relative to reference for Level 1 stahition because gas demand is depressed becatksetmjht carbon constraint. Note that
producer prices do not include any cost of carbermggs related to combustion and release of cafitwon natural gas combustion.
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Figure 4.25. United States Electricity Price, Refence and Stabilization ScenariosUnited States electricity prices as projected & th
Reference Scenarios to range from little changtut a 50% increase from present levels (IGSM)ddd stabilization, producer prices are
affected by increasing use of more expensive laweoo-emissions electricity technologies suchoasif electricity with carbon capture and
storage and non-biomass renewables such as sdlaviath power. Across the scenarios, rising fosgl prices are partially offset by
increasing efficiency of fossil electric generatfanilities.
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Figure 4.26. Global GDP Impacts of Stabilization awss Stabilization Levels (percentage).

Stabilization imposes costs on the economy, anddsia terms of Gross World Product (GWP) loss the

cost rises over time as ever more stringent enmsgiestrictions are required. The tighter the

stabilization target the higher the cost. Variai®estimates among the models reflect differentes
reference scenario emissions, differences in tpeoaghes used to distributed carbon emissions
reductions over time, and differences in the castavailability of low-carbon technologies part@aty

in the second half of the century.
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5. SUMMARY, APPLICATIONS AND FUTURE DIRECTIONS
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5.4.4. Inclusion of other Radiatively-Important Stances.............cccceeeeeeee. 10
5.4.5. Decision-Making under Uncertainty........ccccceeeeeeeeiieeeeeeeeiiiiiieneenn 11

5.1. Introduction

Scenarios based on formal, computer-based models,as those developed here, can
help to illustrate how key drivers such as econaanid population growth or policy
options lead to particular levels of greenhouse(G&$G) emissions. A main benefit of
models such as these is that they ensure basiaroug identities and consistent
application of behavioral assumptions. Howeverdehgimulation is only one approach
to scenario development, and models designed ®isehof purposes may not be the
most appropriate for other applications. The sgesaleveloped here should thus be
viewed as complementary to other ways of thinkingu the future: e.g., formal
uncertainty analyses, verbal story lines, baselioetirther simulation, and analyses
using other types of models.

The users of emissions scenarios are many andsdiaed include climate modelers and
the science community, those involved in nationddlic policy formulation, managers of
Federal research programs, state and local govetroiffecials who face decisions that
might be affected by climate change and mitigatregasures, and individual firms,
farms, and members of the public. Such a variettele implies an equally diverse set
of possible needs, and no single scenario exetaisdope to satisfy all of these needs.
Scenario analysis is most effective when its dgya&i® can work directly with users, and
initial scenarios lead to further “what if” quest®that can be answered with additional
simulations or by probing more deeply into partcussues. The Prospectus for this
study does not, however, prescribe such an inteeaapproach with a focused set of
users. Instead, it calls for a set of scenariogiding broad insights into the energy,
economic, and emissions implications of stabil@anf GHGs. For the issue of
stabilization, these scenarios are an initial affgto potential user communities that, if
successful, will generate further questions andengletailed analysis.

This exercise focuses on a reference case andtalitization levels to provide
decision-makers the technical and economic impbaoatof different levels of future
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GHG stabilization. What is described, then, ia@ge of possible long-term targets for
global climate policy. The stabilization levelgjuire a range of policy efforts and levels
of urgency, from relatively little deviation froneference scenarios over the course of the
century to major deviations starting very soonthAugh the Prospectus did not mandate
a formal treatment of likelihood or uncertaintycbwanalysis could be a useful follow-on
activity. Here, however, the range of outcomeaftbe different modeling teams helps

to illustrate, if incompletely, the range of posiies.

For this exercise, a “scenario” is an illustratafrfuture developments based on a model
of the economy and the Earth system, applying asjite set of model parameters and
providing a basis for future work. None of theereince scenarios is a prediction of the
future, and none can be said to have the highebgpility of being right. Nor does any
single scenario provide the most correct picturthefchanges to energy and other
systems that would be required for stabilizatioistéad, each scenario in this report is a
“thought experiment” that helps illuminate the imeptions of different long-term policy
goals.

5.2.  Summary of Scenario Results

The results of the scenario construction are pteddan text and figures in Chapters 3
and 4, and here a summary is provided of someedf kley characteristics, some of the
magnitudes involved, and the assumptions thatdierna them.

5.2.1. Reference Scenarios

The difficulty in achieving any specified level afmospheric stabilization depends
heavily on the emissions that would occur otherwige, the “no-climate-policy”
reference strongly influences the stabilizatioresadf a no-policy world has cheap fossil
fuels and high economic growth, then dramatic ckarig the energy sector and other
parts of the economy may be required to stabiizeatmosphere. On the other hand, if
the reference case shows lower growth and emissamasperhaps increased exploitation
of non-fossil sources even in the absence of cérpaticy, then the effort will not be as
great.

Energy production, transformation, and consumpdiencentral features in all of these
scenarios, although non-GQ@ases and changes in land use also make a sagnific
contribution to net emissions. Demand for enenggr éhe coming century will be driven
by economic growth but will also be strongly infhwed by the way that energy systems
respond to depletion of resources, changes inqratel technology advance. The
projected demand for energy in developed countee®ins strong in all scenarios but is
even stronger in developing countries, where nm#liof people seek greater access to
commercial energy. These developments determertiissions of GHGs, their
disposition, and the resulting change in radiatoreing under reference conditions.
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The three reference scenarios show the implicabétisis increasing demand and the
improved access to energy, with the ranges reflgc¢tie variation in results from the
different models:

Global primary energy consumption rises substalytial all three reference
scenarios, from about 400 EJ/y in 2000 to betwe0kand 1500 EJ/y in 2100.
U.S. primary energy production also grows fromtédiover 1to 2% times present
levels by 2100. This growth occurs despite coetinmprovements in the
efficiency of energy use and energy productionreldyies.

All three reference scenarios include a gradualuetn in the relative role of
conventional oil resources. However, in all threéerence scenarios, a range of
alternative fossil-based resources, such as syiethetls from coal and
unconventional oil resources (e.g., tar sandssbdles) are available and
become economically viable. Fossil fuels providiedost 90% of global energy
supply in the year 2000, and they remain the dontieaergy source in the three
reference scenarios throughout the twenty-firstwsn supplying between 60 and
80% of total primary energy in 2100.

Non-fossil fuel energy use grows over the centullithree reference scenarios.
The range of contributions in 2100 is from 225 &260 EJ—between roughly
half the level of total global energy consumptioday. Even with this growth,
however, these sources never supplant fossil &liglsugh they provide an
increasing share of the total, particularly in teecond half of the century.

Consistent with the characteristics of primary agerglobal and U.S. electricity
production shows continued reliance on coal althotlys contribution varies
among the reference scenarios. The contributioreioéwables and nuclear
energy varies considerably in the different refeenases, depending on
resource availability, technology, and non-climptdicy considerations. For
example, global nuclear generation ranges fromramne@ase over current levels
of around 50% in the presence of political consitaito an expansion by more
than an order of magnitude on the assumption oigitadriven strictly by
economic considerations.

Oil and natural gas prices are projected to riseatngh the century relative to
year 2000 levels, whereas coal and electricity ggsicemain relatively stable.
The models used in the exercise were not designgaiject short-term fuel price
spikes, such as those that occurred in the 1978sarly 1980s, and more
recently in 2005. Thus, the projected price treskiguld be interpreted as long-
term average price trends.

As a combined result of all these influences, eanssof CQ from fossil fuel
combustion and industrial processes increase frppreximately 7 GtCly in
2000 to between 22 and 24 GtCly in 2100; thatngwdere from three to three
and one-half times current levels.
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The non-CQ greenhouse gases—gHN,O Sk, PFCs, and HFCs—are emitted from
various sources including agriculture, waste mameage, biomass burning, fossil fuel
production and consumption, and a number of indlstctivities:

Projected future global anthropogenic emission€bif, and NO vary widely
among the reference scenarios, ranging from fladeclining emissions to an
increase of 2 to 2% times present levels. Thd&reinces reflect alternative
views of future technological opportunities and likely effect of controls
imposed for non-climate reasons.

Projected increases in emissions from the globaiggnsystem and other human
activities lead to higher atmospheric concentratiand radiative forcing. This increase
is moderated by natural biogeochemical removalgeses:

The ocean is a major sink for G@at generally increases as concentrations rise
early in the century. At high concentrations progetlate in the century,

however, chemical, biological and physical processghe ocean can slow this
rate of ocean uptake. The scenarios have oceakeph the range of around 2
GtCly in 2000, rising to about 4-11 GtC/y by 2108e three models produce
more similar ocean behavior in the stabilizatioersarios.

Two of the three models include a sub-model oéxobange of COwith the
terrestrial biosphere, including the net uptakepgbgnts and soils and the
emissions from deforestation. They project a saratiual net sink (less than 1 Gt
of carbon) in 2000, increasing to an annual neksah 2 to 3 GtCl/y by the end of
the century. The third model assumes a zero mbiagge. In part, modeled
changes reflect human activity (including a decliméeforestation), and, in part,
it is the result of increased uptake by vegetak&wgely due to the positive effect
of CO, on plant growth. The range of estimates is ancatibn of the substantial
uncertainty about this carbon fertilization effeatd land-use change, under a
changing climate.

GHG concentrations are projected to rise substdiytiaver the century under the
reference scenarios. By 2100, £€oncentrations range from about 700 to 900
ppmv, up from 370 ppmv in 2000. Projected,€bhcentrations range from
2000 to 4000 ppbv, up from 1750 ppb in 2000; pre@dyO concentrations
range from about 375 to 500 ppbv, up from 317 pptRO00.

The resultant increase in radiative forcing randesn 6.5 to 8.5 W/frelative to
preindustrial levels (zero by definition) and comemto approximately 2 Wfin
the year 2000, with non-G@sHGs accounting for about 20 to 30% of at this
change by the end of the century.

5.2.2. Stabilization Scenarios
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Important assumptions underlying the stabilizattases concern the flexibility that
exists in a policy design, as represented in théahsimulation, to seek out least cost
abatement options regardless of where they oazuhdose which substances are abated,
and to decide when the mitigation occurs. It igtao$ conditions referred to as “where”,
“what”, and “when” flexibility. Equal marginal ctsof abatement among regions,
across time (taking into account discount ratesthadifetimes of substances), and
among substances (taking into account their redatiarming potential and different
lifetimes) will under special circumstances leadetast cost abatement. Each model
applied an economic instrument that priced GHGs mmanner consistent with their
interpretation of “where,” “what” and “when” flexility. The economic results thus
assume a policy designed with the intent of achgthe required reductions in GHG
emissions in a least-cost way. Key implicationsheflse assumptions are that: (1) all
nations proceed together in restricting GHG emissioom 2012 and continue together
throughout the century and the same marginal sagpplied across sectors, (2) the
marginal cost of abatement rises over time refbgctiifferent interpretations and
approaches among the modeling teams of “when”bléti, and (3) the radiative forcing
targets are achieved by combining control of adlegpthouse gases — with differences,
again, in how modeling teams compared them andssdehe implications of “what”
flexibility.

Although these assumptions are convenient for sinalypurposes, to gain an impression
of the implications of stabilization, they are itiead versions of possible outcomes. For
these results to be a realistic estimate of costddwequire, among other things, the
assumption that a negotiated international agreemeludes these features. Failure in
that regard would have a substantial effect ordtfieulty of achieving any of the

targets studied. For example, a delay of manysywathe participation of some large
countries would require a much greater effort lgydthers, and policies that impose
differential burdens on different sectors can reisud many-fold increase in the cost of
any environmental gain. Therefore, it is import@nview these result as scenarios under
specified conditions not as forecasts of the mksty outcome within the national and
international political system. Further, none @& Htenarios considered the extent to
which variation from these “least cost” rules, ntigk improved on given interactions
with existing taxes, technology spillovers, or athen-market externalities.

If the developments projected in these refereneaats were to occur, concerted
efforts to reduce GHG emissions would be requicestabilize atmospheric conditions.
Such emissions limits would shape technology depkyt throughout the century and
have important economic consequences. The anagsisnstrates that there is no
single technology pathway consistent with a givarel of radiative forcing; furthermore,
there are many plausible pathways of broader ecancomditions other than those
modeled in this exercise. Nevertheless, some get@mnalusions are possible.

» Stabilization efforts are made more challengingh®yfact that in two of the
modeling teams’ formulations, both terrestrial aszkan CQ uptake decline as
the stringency of emissions mitigation increases.
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1 » Stabilization of radiative forcing at the levelsaexined in this study will require a
2 substantially different energy system globally, anthe U.S., than what emerges
3 in the reference scenarios. The degree and timfrihange in the global energy
4 system depends on the level at which radiativargris stabilized.
5
6 » Across the stabilization scenarios end-use eneoggumption is lower and the
7 energy system relies more heavily on non-fossiggngources, such as nuclear,
8 solar, wind, biomass, and other renewable energyn$o Carbon dioxide capture
9 and storage is widely deployed because each madehaes that the technology
10 can be successfully developed and that concerngtaiaring large amounts of
11 carbon do not impede its deployment. Removaligagsumption would make
12 stabilization levels much more difficult to achiaral (if not restrained for non-
13 climate concerns) yield a greater demand for naicfgower.
14
15 » Significant fossil fuel use continues across théisration scenarios, both
16 because stabilization allows for some level of carbmissions in 2100 level and
17 because of the option to capture and store.CO
18
19 * Emissions of non-COGHGSs, such as CHN,O, HFCs, PFCs, and S$Fare all
20 substantially reduced in the stabilization scenario
21
22 * Increased use is made of biomass energy crops vdoogebution is ultimately
23 limited by competition with agriculture and forgstand, in one participating
24 model, the associated impacts of biomass expawsi@arbon emissions from
25 changes in land use.
26
27 * The lower the radiative forcing limit, the more stdmtial the change in the
28 global energy system relative to the reference agenand the sooner those
29 changes would need to occur.
30
31 » Across the stabilization scenarios, the scale efdimissions reductions required
32 relative to the reference scenario increases owveet In all the stabilization
33 scenarios the major portion of emissions reductioel®w reference come in the
34 second half of the century though all the modetsistinat near-term emissions
35 reductions are required as well.
36
37 * The 2100 time horizon of the study limited examomadf the ultimate
38 requirements of stabilization. Atmospheric stabti@n at any level requires
39 human emissions of G@n the very long run to be essentially halted gétther
40 because, as the ocean and terrestrial biosphereagmh equilibrium with the
41 target concentration level, their rate of uptakéis toward zero. Only capture
42 and storage of C&could allow continued burning of fossil fuels.
43

44  Fuel sources and electricity generation technok®gange substantially, both globally
45 and in the U.S., under stabilization scenarios a@engbto the reference scenarios. There
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are a variety of technological options in the eleity sector that reduce carbon
emissions in these scenarios:

Nuclear, renewable energy forms, and carbon diog&jgture and storage all
play important roles in stabilization scenarioshéelcontribution of each can
vary, depending on assumptions about technologicatovements, the ability to
overcome obstacles such as intermittency of suppltythe policy environment
surrounding them (for example, the acceptabilitpatlear power).

By the end of the century, electricity produceatyventional fossil technology,
where CQ from the combustion process is emitted freelyrasnatically reduced
in all the stabilization scenarios. The level obguction from these sources
varies substantially with the stabilization levigl;the lowest stabilization level,
production from these sources approaches zero.

The economic effects of stabilization could be saigal although much of this cost is
borne later in the century. As noted earlier, ezfdine modeling teams assumed that a
global policy was implemented beginning after 20&2h universal participation by the
world’s nations, and that the time path of redudiapproximated a “cost-effective”
solution. These assumptions of “where” and “whigeXibility lower the economic
consequences of stabilization relative to what tingyht be with other implementation
approaches:

Across the stabilization scenarios, the carbongfmlows a pattern that, in most
cases, gradually rises over time, providing an opyoaty for the energy system
to change gradually. Two of the models show pr&dsor below per ton of
carbon at the outset for the less stringent casth, a price of $100 per ton in
2020 required for the 450 ppmv case. IGSM showglsdniinitial carbon prices in
2020, ranging from around $20 for 750 ppmv to dd250 for the 450 ppmv
target.

While the general shape of the carbon value traygcts similar across the
models, the specific carbon prices that they imydyy substantially.

Contributing factors are the reference level of &mns and differences in
assumptions about the cost and performance ofdutehnologies, especially
those employed in the second half of the centMiydel differences are indicative
of the uncertainties necessarily present in scersaof the far future.

Differences in non-C@gases also explain differences in abatement costs.
Scenarios that assume relatively better performariceon-CQ emissions
mitigation require less stringent changes in thergy system to meet the same
overall radiative forcing goal.

These differences in carbon prices and other mfedglres lead to a wide range
of costs among the various stabilization targeisider the 450 ppmv scenario,
for example, estimates of the mid-century redaatioGross World Product
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(aggregating country figures using market excharages) vary from around 1%
in two of the models to approximately 5% in thedhand in 2100 from less than
2% in two of the models to over 16% in the thifdhis difference among models
is a product of the variation in model structuredaeference case assumptions.
As with the GHG prices, the variation in cost ie first 50 years stems mainly
from differences in reference emissions, wheredisarsecond half of the century
assumptions about technologies dominate.

* As noted earlier, the overall cost levels are stiigrinfluenced by the assumption
of immediate global participation combined with “ere”, “what”, and “when”
flexibility. Deviations from these assumptions lddikely lead to higher cost.
The global costs were aggregated using market exgdhaates—doing so using
purchasing power parity would lead to differentlghdbresults. Global results
would then also depend on how responsibility falutions were allocated
among regions. Thus, these scenarios should niit&ereted as applying
beyond the particular conditions assumed.

* The projected GHG mitigation would also affect foietes. Generally, the
producer price for fossil fuels falls as demandepressed by the stabilization
measures. Users of fossil fuels pay for the flued p carbon price if the CO
emissions were freely released to the atmospheregrssumer costs of energy
rise with more stringent stabilization targets.

Achieving stabilization of atmospheric GHGs poseasilastantial technological and

policy challenge for the world. It would requiraportant transformations of the global
energy system. Assessments of the cost and fiigsithisuch a goal depends
importantly on judgments about how technology eublve to reduce cost and overcome
existing barriers to adoption, and on the efficieand effectiveness of the policy
instruments applied.

5.3. Application of the Scenarios In Further Analysis

These scenarios, supported by the accompanyingatsalescribed in the Appendix, can
be used as the basis of further analysis of thaddigation cases and the underlying
reference scenario. For example, the scenaridd beuwsed as the basis for analysis of
the climate implications. Such studies might bemgith the radiative forcing levels of
each scenario, with the individual gas concentnati@pplying separate radiation codes)
or with the emissions (applying separate modeth®tarbon cycle and of the
atmospheric chemistry of the non-€GHGs). Such applications could be made directly
in climate models that do not incorporate a thrieeetisional atmosphere and detailed
biosphere model. For the larger models, some appation would need to be imposed
to allocate the short-lived gases by latitude at gell. Such an effort would need to
include an estimate of the emissions (or conceatrs) of the reflecting and absorbing
aerosols. This result could be achieved by theofisab-models linked to scenario
results for energy use by fuel.
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The scenarios could also be used as a point ofepdor partial equilibrium analysis

of technology development. Because these modeipuate energy prices under the
various scenarios, the results can be used foysiraif the cost performance of new
technologies and to serve as a basis for analf/seétes of market penetration.
Differences in results between the three models givimpression of the types of market
challenges that new options will face.

In addition, these studies could form the foundatbanalysis of the non-climate
environmental implications of implementing potehtiaw energy sources at a large
scale. Such analysis was beyond the scope ofréisemt study, but information is
provided that could form a basis for such analygish as the potential effects on the
U.S. and the globe of implied volumes of CCS armhiaiss production, or of nuclear
expansion that results in some of the scenarios.

The scenarios could also be used in comparativeemaddst as many lessons were
learned by comparing the differences between tteetimodeling teams’ scenarios, still
more could be learned by extending the comparis@ténarios that pre-date these or
come after, including scenarios developed usingetyndifferent approaches. For
example, some scenario exercises do not apply@roatc model with detailed analysis
of energy markets of the type used here. Such sosraould be compared against those
here to gain insight into the role of economic dast

Finally, these scenarios might be used to explogentelfare effects of the different
stabilization targets. Such work was beyond tlops®f the analysis specified in the
Prospectus. However, the results do contain indtion that can be used to calculate
indicators of consumer impact in the U.S., suchyassing the changes in prices and
guantities of fuels in moving from one stabilizatievel to another. (The reader is
reminded, however, that these welfare effects donotude the benefits that alternative
stabilization levels might yield in reduced climateange risk or ancillary effects, such as
effects on air pollution

5.4. Moving Forward

As noted earlier, this work is neither the first it likely to be the last of its kind.
Throughout the report, a number of limitationsthte &pproach and the participating
models have been highlighted. Studies such asrté@resented here would benefit
from further research and model development argdsthction suggests several
productive paths to pursue.

5.4.1. Technology Sensitivity Analysis

The importance of future technology developmertasr in this report, and sensitivity
testing of key assumptions would be of use. Fomgte, what are the implications of
various levels of political constraint on nucleavdlopment, or what would be the effect
of similar limits on carbon capture and storagetbtier technology options? If particular
technologies--nuclear, wind, natural gas combingiiecgeneration, biomass--were
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assumed to be more or less expensive, how woulctfeet market penetration and
policy cost? How would breakthroughs in one te¢bgy area affect cost and other
technology developments? Since technology deploymél be influenced by the
policy environment, how would the consideratioresfs optimistic policy regimes affect
the results?

5.4.2. Consideration of Less Optimistic Policy Regimes

The discussion in Chapter 4 emphasizes that tivaagst of the difficulty of the
stabilization task is crucially dependent on unged institutional assumptions, and the
insight to be gained from a single representatioroatrol policy such as the one adopted
here is limited. There is little reason to beli¢vat the world is headed toward an
international policy architecture that closely raddes that assumed in this study. The
assumed international emissions mitigation regin@ghly stylized. The results assume
a wide array of idealized institutions both in midual nations and in the international
community. Both developed and developing econoriiesassumed to possess markets
that efficiently pass price information to decisimakers. Rules and regulations ranging
from accounting and property rights to legal anfibexement systems are assumed to
operate efficiently. While such assumptions prewadwvell-defined reference case and
lower bound estimates on potential costs, the fidibais low that the world will

actually implement such an idealized architecturethat light, a natural direction for
future research is to supplement the analysis ptedénere with analyses of policy
regimes that are under discussion by nations aedhiational organizations and that have
a greater potential for being implemented. Suskaech would broaden our
understanding of the stabilization challenge iraan@anging from technology
development to the economics of global mitigation.

5.4.3. Expansion/Improvement of the Land Use Components dhe Models

A significant weakness in this analysis is the hiaigdof the role of forest and

agricultural sinks and sources. The major reasothfs gap is that the models employed
here were not well-suited to analyze some of theptexities of this aspect of the carbon
cycle. Yet, as this analysis has shown agricultared-use and terrestrial carbon cycle
issues play an important role in shaping the l@rgitradiative character of the
atmosphere. Research that improved the charaatierizof land use and land cover and
that improved the linkages between energy and enangystems and land use land
cover, terrestrial carbon processes, and othegbozhemical cycles has potentially high
payoff.

5.4.4. Inclusion of other Radiatively-Important Substances

The focus here was on the relatively long-lived GHiat shorter-lived substances like
ozone and aerosols have strong radiative effeatseis More complete analysis would
include these short-lived contributors, and themtool possibilities, directly within the
scenario analysis.
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5.4.5. Decision-Making under Uncertainty

Finally, the problem of how to respond to the thi&faclimate change is ultimately a
problem of decision-making under uncertainty tlegfuires an assessment of the risks
and how a policy might reduce the odds of extrerbaly outcomes. One would like to
compare the expected benefits of a policy agalesekpected cost of achieving that
reduction. By focusing only on emission paths thatild lead to stabilization, we are
able to report the costs of achieving that goaheut an assessment of the benefits.
Moreover, given the direction provided in the Pexgps, the focus was on scenarios and
not an uncertainty analysis. It is not possiblattach probabilities to scenarios
constructed in this way; formal probabilities carlyobe attached to a range which
requires exploration of the effects of many unéentaodel parameters.
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