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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 be
modified in response to limits to changes in radeaforcing. It illustrates that society’s
response to a stabilization goal can take manyspagfiecting factors shaping the
reference scenario and the availability and peréorce of emission-reducing
technologies. It should be emphasized that thaseblkeen no international agreement on
a desired stabilization target; the four levelslyred below and detailed in Table 4.1
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were chosen for illustrative purposes only. Theflect neither a preference nor a
recommendation. However, they correspond roughfeur of the frequently analyzed
levels of CQ concentrations.

Table 4.1. Long-Term Radiative Forcing Limits bylStization Level and
Corresponding Approximate G@oncentration Levels

Control of GHG emissions requires changes in tbballenergy, economic, agriculture,
and land-use system. In all the control cases# assumed that forcing levels would not
be allowed to overshoot the targets along the fmalibng-term stabilization. Given this
assumption, each modeling group had to make fudéeisions regarding the means of
limitation. Section 4.2 compares the approachdbeethree modeling teams. Section 4.3
shows the effect of the three strategies on GHGs&ons, concentrations, and radiative
forcing. The implications for global and U.S. eneemd industrial systems are explored
in Section 4.4 and for agriculture and land-usengkan Section 4.5. Section 4.6
discusses economic consequences of measures ¢vathe 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:

» Reference scenario climate policies (Sectionl}.2.

» 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. Timing of Participation in Stabilization Scenarios

There has been no international agreement on sieeddevel at which to stabilize
radiative forcing or the path to such a goal, sahere any consensus about the relative
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sharing of burdens other than a general call fonfimon but differentiated
responsibilities” by the United Nations Framewordn@ention on Climate Change
(United Nations, 1992). For the stabilization sao@ws, it was assumed that policies to
limit the change in radiative forcing would be dpgdlglobally, as directed by the
Prospectus. Although it seems unlikely that allridaes would simultaneously join such
a global agreement, and the economic implicatidrssabilization would be greater with
less-than-universal participation, the assumptia &ll countries participate provides a
useful benchmark. Indeed, analyses using alteenatirden sharing schemes suggest
that the costs can be an order of magnitude higtiteout the involvement of non-Annex
B emitters.

4.2.3. Policy Instrument Assumptions in Stabilization Scearios

Note that the issue of economic efficiency appdiess space and across 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 pwps$ing a single price for each GHG at
any point in time. That set of prices is the s@o®ss all regions and sectors. As will be
discussed in detail in Section 4.5, the priceshaoissions for the individual GHGs were
different for each model. The implied ability tocess emissions reduction opportunities
wherever they are cheapest is sometimes referrasl ‘‘where flexibility” (Richels et al.
1996).

4.2.4. Timing of CO, Emissions Mitigation

The cost of limiting radiative forcing to any givevel depends importantly on the
timing of the associated emissions mitigation. $tabilization goal of the Framework
Convention is incompletely defined. Neither the RC&r subsequent agreements
specify the level of stabilization, how to balameductions in the near-term against
reductions later, or how to address the multiplesgances that contribute to radiative
forcing. There is a strong economic argumentnmégation costs will be lower if
abatement efforts start slowly and then progressiaanp up, particularly for C©O
Distributing emissions mitigation over time, sublattlarger efforts are undertaken later,
reduces the current cost as a consequence of factsas discounting, the preservation
of energy-using capital stock over its naturaltiifee, and the potential for the
development of increasingly cost-effective techgas.

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 st hong enough to fully evaluate
stabilization goals. In most instances, the seaesare only approaching stabilization in
2100. Concentrations are below the targets afidisiing, but the rate of increase is
slowing substantially. Long-run stabilization regs that any emissions be completely
offset by uptake/destruction of the gas. Becaugsamw and terrestrial uptake of £©
subject to saturation and system inertia, at lesghe CQ concentration limits
considered in this analysis, emissions need to pedisubsequently decline during the
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twenty-first century. In the very long term (mamyndreds to thousands of years),
emissions must decline to virtually zero for any, @0ncentration to be maintained.
Thus, while there is some flexibility availablettee modelers in the inter-temporal
allocation of emissions, that flexibility is inhetéy constrained by the carbon cycle.
Given that anthropogenic G@missions rise with time in all three of the unstoained
reference scenarios, the stringency ohb,@@issions mitigation also increases steadily
with time.

The models differ in the way they determine thdif@f emissions reduction and how
the different GHGs contribute to meeting radiafimeing targets. A major reason for
the difference was the nature of the models. MERGED 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 tintlus offers insights regarding the
optimal path of emissions abatement. A positigealint rate will lead to a gradual
phase-in of reductions, and the tradeoff amonggy@sendogenously calculated, based
on the contribution each makes toward the long-tgoal (Manne and Richels 2001).
Given the stabilization target, the changing re&prices of gases over time can be
interpreted as an optimal trading index for theegabat combines economic
considerations with modeled physical considerat{@fetime and radiative forcing).
The resulting relative weights are different frdmoge 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. Howetregir 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 anticipateBdxgk and Wan (1996) using a
simple optimizing model with a carbon cycle andHntelling (1931) in a simpler
context.

The MiniCAM team set the rate of increase in thegyof 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
insures that the present discounted marginal ddsivong one tonne of carbon less in the
atmosphere during one period in the future is éxd#lce same regardless of whether the
removal takes place today or one period later. Wharginal costs are equal over time,
there is no way that total costs can be reducendiing 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 s,
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
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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 uses an iterative process in which a cafize is set rising at an annual
discount rate of 4% and the resulting 8@ncentration and total radiative forcing over
the century are estimated. The initial carboneoiscthen adjusted to achieve the required
concentrations and forcing. Thus, the rate ofdase in the CQprice paths is identical
for all stabilization scenarios, but the initialwa of carbon is different. The lower the
concentration of C@allowed, the higher the initial price. The indigpehind this
approach is that an entity faced with a carbon tcamt and a decision to abate now or
later would compare the expected return on thaeatent investment with the rate of
return elsewhere in the economy. If the carbocepwere rising more rapidly than the
rate of return, abatement investments would yidiigaer return than those elsewhere in
the economy, so that the entity would thus investenin abatement now (and possibly
bank emissions permits to use them later). Bys#iee logic, an increase in the carbon
price lower than the rate of return would lead teaision to postpone abatement. It
would lead to a tighter carbon constraint and &adigarbon price in the future. Thus,
this approach is intended to be consistent witragket solution that would allocate
reductions through time.

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 opportufatiebatement. 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 reductions in climate change result onemic benefit. This approach is
consistent with a view that there are risks assediaith lesser amounts of radiative
forcing. This is quite different than the MERGEpapach, where any value of abatement
derives only from the extent to which it contritaite avoiding the long-term
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stabilization level. In that approach, early abetat of short-lived species like GHave
very little consequence for a target that will betreached for many decades, and the
optimized result places little value on abatingrstiged species until the target is
approached. Without a full analysis of the ecorefiiects of climate change that
occurs along these different stabilization pathesé two approaches provide some
bounds on possible reasonable paths for nop-@I@G stabilization, with the MiniCAM
result representing an intermediate approach.

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 sintéegls of radiative forcing
relative to pre-industrial levels for the year 21i@0all four stabilization
scenarios. Nevertheless, the teams produced izt@iioin scenarios with different
combinations of GHG concentrations. Differencegaar 2100 CQ
concentrations could be as much as 75 ppmv, and240 fossil fueCO,
emissions could vary by up to 8 GtC/year. Of n@tegsnodels that had high
CO, concentrations for a given stabilization level Hadier concentrations and
emissions of non-CQYreenhouse gases. These differences in stailizedsults
highlight the fact that there are many differentipaays to stabilizing radiative
forcing..

As a result of the economic assumptions imposédarsolutions, all of the modeling
teams produced results in which the reduction irsgimns below reference levels was
much smaller in the period between 2000 and 20&0 bietween 2050 and 2100. All of
the stabilization scenarios were characterized pgak and decline in global GO
emissions in the twenty-first century.

4.3.1. Implications for Radiative Forcing

Given that all were constrained by the same atmargptargets, the modeling teams
reported very similar levels of radiative forcirgjative to pre-industrial levels for the
year 2100 although the time-scale for stabilizagapeeds the 2100 horizon of the
analysis. Table 4.2 shows the long-term targedllamad the level of radiative forcing
reported by each of the three modeling teams ity¢lae 2100. All the teams
successfully constrained radiative forcing notxoeed target levels. A minor exception
is that for Level 1 for which the IGSM team’s apyiroation reports a slightly higher
radiative forcing level than the long-term targ&he implication of this slightly higher
radiative forcing is that the IGSM Level 1 scendras less non-emitting technology and
lower economic costs than would be the case ittmstraint were met precisely. In
general, the differences between the long-ternetaagd the modeled radiative forcing
levels are smaller for Levels 1 and 2 than for Il&Beand 4 because the latter allow a
greater accumulation of GHGs in the atmosphere dloalcevels 1 and 2. For Levels 3
and 4 each modeling team required radiative fortinge below the long-term limits in
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2100 to allow for subsequent emissions to fall gedig toward levels required for
stabilization.

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

The radiative forcing stabilization paths for theese 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 cumuégtnot annual, emissions. Thus,
even fairly different time-profiles of CQemissions can yield relatively little difference i
concentrations and radiative forcing.

Figure 4.1. Total Radiative Forcing by Year across Scenarios

Although their totals are similar, the GHG compiasitof radiative forcing is different
among the three modeling teams. Figure 4.2 phetvteakdown among gases in 2100
for the reference scenario along with all four Bizdition levels. Forcing is dominated

by CQ;, for all modeling teams at all target levels, thdre are variations among models.
For example, the MiniCAM scenario has larger cdmiions from CQand lower
contributions from Chklthan the other modeling teams. Conversely, th&RME

scenarios have higher contributions from&Hrd lower contributions from C@elative

to the other modeling teams. In the case of ttierlahe tighter the target, the greater the
reduction in CH. This is because the price of Ci¢lative to CQ increases with the
proximity to the goal.

Figure 4.2.  Total Radiative Forcing by Gas in 2h0fbss Scenarios
4.3.2. Implications for Greenhouse Gas Concentrations

The relative GHG composition of radiative forcing@ss models in any scenario reflects
differences in concentrations of the GHGs. Thosststent with the higher GQole in
Figure 4.1andFigure 4.2, the C&oncentrations projected by MiniCAM are
systematically higher than for the other modeliegns, as plotted iRigure 4.3, and its
methane and YD concentrations are systematically lower in Figure(see also Figure
4.21). Differences in the gas concentrations antbaghree models reflect differences
in the way the models make tradeoffs among ga#ésieshces in assumed mitigation
opportunities for non-CEGHGs compared to GO MiniCAM assumes that methane
abatement technologies are available that lealdateenent even when the value of
emissions is zero, thus leading to a lower metlegmnissions trajectory than either
MERGE or IGSM. Further methane emissions mitigaiginduced in MiniCAM as the
price on methane emissions rises.

Figure 4.3. CQ@Concentrations across Scenarios

Figure 4.4.  CHConcentrations across Scenarios
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Tradeoffs among GHG emissions mitigation opportasitead to differences in year
2100 CQ concentrations associated with the four targeti$e(gze Table 4.3). All three
models yield C@concentrations that are close to the referenagevak the Level 4
scenario. While the MiniCAM value slightly excedtie reference C{xoncentration in
2100, the C@concentration is falling, as can be seen in FiguBe

Table 4.3. C@Concentrations in the Year 2100 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 tipaths is that substantial emissions
reductions would be required after 2100. Sometantlein the next century, all the
stabilization paths would require emissions levearly as low as that for Level 1.
Higher stabilization targets do not change the neatfi long-term changes in emissions
required in the global economy; they only delay whiee abatement must be achieved.

Natural removal processes are uncertain, and ttusrtainty is reflected in differences in
results from three modeling teams, as shown inrEigub. The IGSM model projects
that the rate of uptake will reach a limit at vergh concentrations under the reference
scenario (Figure 3.20), and all models show oceaake to be reduced at the more
stringent stabilization levels because the ratgptdike is strongly influenced by the €0
concentration in the atmosphere. The IGSM uptakgsgematically smaller than shown
in the MERGE and MiniCAM models. As a consequetioe,|IGSM control scenarios
must achieve lower anthropogenic emissions fomaparable C@Qconcentration. All
three ocean-uptake regimes are within the pres@gierof carbon-cycle uncertainty,
which points up the importance of improved underditag of carbon-cycle processes for
future stabilization investigations.

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 nearly immediately in al
three modeling efforts (see Figure 4.6). The qair#tis so tight that there is relatively
little latitude for variation. Only in the secohdlf of the century do some modest
differences emerge among the scenarios.

Figure 4.6.  Fossil Fuel and Industrial €Emissions across Scenarios

All three modeling teams show continued emissiansvth throughout the first half of
the twenty-first century for Level 4, the looseshstraint. Near-term variation in
emissions largely reflects differences in the rfiee scenarios. Importantly, global
emissions peak before the end of the twenty-festury and begin a long-term decline
for all three groups.
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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 degredeyarture from the reference scenario
depend on many aspects of the scenarios and omealdi’s representation of Earth
system properties, including the radiative fordingt, the carbon cycle, atmospheric
chemistry, the character of technology options dwee, the reference scenario £O
emissions path, the non-climate policy environmtrd,rate of discount, and the climate
policy environment. For Level 4, more than 85%wfissions mitigation occurs in the
second half of the twenty-first century in the so@ws developed here. For Level 1,
where the limit is the tightest and near-term naitiign most urgent, more than 75% of the
emissions mitigation occurs in the second halhefdentury.

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 tdlthe emissions mitigation occurs in
Non-Annex | regions by 2050 because more thandfiakference-case emissions occur
in Non-Annex | regions. Note that abatement ocesefsarately from, and mostly
independent of, the distribution of the economicdien of reduction, if the global policy
is specified so that a common carbon price occuadliregions at any one time.

4.3.3.2. Implications for Non-CO;, Greenhouse Gas Emissions

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

Emissions under stabilization are systematicallyelothe more stringent the target, as
can be seen in Figure 4.7. The MiniCAM modelirgnte with its relatively lower
reference scenario, has the lowesty@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 latter group’s
scenarios have the higher emissions under stdimiizaThe reason is that the MERGE
inter-temporal optimization leads to a low relatprece for CH emissions in the near-
term, which grows rapidly relative to GQvhereas IGSM controls GHmissions

through quantitative limits.
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Figure 4.7.  CHEmissions across Scenarios

The very long-lived gases are nearly indestructiid, thus, for stabilization their
emissions must be very near zero. Assessmentstéraent possibilities, as represented
in these models, show that it is possible, at nreasie cost, for this to be achieved, as
seen in the 2100 results in Figure 4.2. Whiledha® useful substances, their emissions
are not as difficult to abate as those from fomsédrgy.

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

Figure 4.8.  NO Emissions across Scenarios
4.4. Implications for Energy Use, Industry, and Technolgy

Stabilization of radiative forcing at the levelsaexined in this study will require
substantial changes in the global energy systeahjding some combination of
improvements in energy efficiency, the substitubiolow-emission or non-
emitting energy supplies for fossil fuels, the oaptand storage of COand
reductions in end-use energy consumption.

44.1. 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 chamgige ivarious primary energy
sources for each stabilization level. While défleces in the reference scenarios
developed by each of the three modeling teamsolelifferent patterns of response,
some important similarities emerged. The lowerrdhative forcing limit, the larger
the change in the global energy system relatitkeéaeference scenario; moreover,
the scale of this change is larger, the furthey the future the scenario looks. Also,
significant fossil fuel use continues in all fotalsilization scenarios. This pattern
can be seen in Figure 4,Mhich shows the same case as Figure 4.9 butnrstef
total energy consumption.

Figure 4.9.  Change in Global Primary Energy by Rwebss Scenarios,
Stabilization Scenarios Relative to Reference Stema

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 coafjagda expand under stabilization Levels
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2, 3, and 4. However, under the most stringegetaiLevel 1, the global coal industry
declines in the first half of the century beforeaeering by 2100 to levels of production
somewhat larger than today.

Oil and natural gas also continue as contributtstial energy over the century although
at the tighter limits on radiative forcing, theygrogressively squeezed out of the mix.
One reason that fossil fuels continue to be utllidespite constraints on GHG emissions
is that CCS technologies are available. Figur@ 4Hows that as the carbon values rise,
CCS technology takes on an increasing market staeetion 4.4.2 addresses this
pattern, as well as the contribution of non-bionrasgwable energy forms in greater
detail.

Changes in the global energy system in responesertstraints on radiative forcing
reflect an interplay between technology options redassumptions that shaped the
reference scenarios. For example, the MERGE merassumes a relatively limited
ability to access unconventional oil and gas resssiand the evolution of a system that
increasingly employs coal as a feedstock for tlegpction of liquids, gases, and
electricity. Because there is little oil and gagshe system, fossil G&missions come
predominantly from coal. Against this backgrouaaonstraint on radiative forcing
results in reductions in coal use and end-use grengsumption. As the price of carbon
rises, nuclear and non-biomass renewable energyfand CCS augment the response.

The IGSM reference scenario assumes greater aNigylalh unconventional oil and gas
than in the MERGE scenarios. Thus, the stabibrasicenarios involve less reduction in
coal use but a larger decline in oil and gas thahe MERGE scenarios. To produce
liquid fuels for the transportation sector, the NE810del responds to a constraint on
radiative forcing by growing biomass energy cropthkearlier and more extensively than
in the reference scenario. Also, the IGSM modejqmts larger reductions in energy
demand than either of the other two models. Thei®AM model produces the smallest
reductions in energy consumption of any of the nindegroups. The imposition of
constraints on radiative forcing leads to reduciomoil, gas, and coal, as do the other
models, but also involves considerable expansiaruofear and renewable supplies. The
largest supply response is in commercial bio-derfuels. Commercial bio-derived

fuels are largely limited to traditional and biosterecycling in the reference scenario,
leaving a level of bio-derived energy in the yed0Q@ similar to those of the other two
modeling teams. As the price on £@es, bio-energy becomes increasingly attractive.
As will be discussed in Section 4.5, the expansiathe commercial biomass industry to
produce hundreds of EJ of energy per year haséatmins for crop prices, land-use,
land-use emissions, and unmanaged ecosystemséhaft @ncern.

The relative role of nuclear differs in each of theee analyses. The MERGE reference
scenario deploys the largest amount of nuclear paveatributing 231 EJ/y of primary
energy in the year 2100. In the Level 1 stabiicmascenario, deployment expands to
306 EJ/y of primary energy in 2100. Nuclear poimethe MiniCAM reference scenario
produces 129 EJ/y in the year 2100, which in theelL& stabilization scenario expands
to more than 234 EJ/y of primary energy in the \&40. The IGSM scenarios show
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little change in nuclear power generation amongsthbilization scenarios or compared
with the reference, reflecting the assumption thetiear levels reflected policy decisions
regarding nuclear siting, safety, and proliferatioat are unaffected by climate policy.
None of the scenarios report a detailed technobbgyacterization, implications for
uranium and thorium resources, or information graoeessing and disposal that would
accompany continued expansion of the nuclear ingustowever, some models, such as
MiniCAM, include explicit descriptions of the nuelefuel cycle.

Reductions in total energy demand play an imporntaletin all of the stabilization
scenarios. Inthe IGSM stabilization scenarios, ihthe largest single change in the
global energy system. While not as dramatic deercase of the IGSM stabilization
scenarios, MERGE and MiniCAM stabilization scensr@bso exhibit changes in energy
demand under stabilization. As will be discusse8euwtion 4.6, the difference in the
change in energy use among the models in resporssaliilization policies reflects
differences in the resulting carbon prices whiah substantially higher for the IGSM. In
all three models, carbon price differences arecédld in the user prices of energy.
Carbon prices, in turn, reflect technological asgtioms about both supply of alternative
energy and the responsiveness of users to chapgoes.

4.4.2. Changes in Global Electric Power Generation

The three models project substantial changes otrality-generation technologies as a
result of stabilization but relatively little cham@n electricity demand. Electricity price
increases as a result of climate policy are smedlative to those for direct fuel use
because the fuel input, while important, is onlyt j@h the cost of electricity supply to the
consumer. Also, the long-term cost of transitignio low and non-carbon-emitting
sources in electricity production is relatively di@mathan 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 ChaptardBrepeated at the top of Figure 4.11. Power
generation increases from about 50 EJ/y in the 38@0 to between 229 EJ/y (IGSM) to
458 EJly (MiniCAM) by 2100. In all three referers@enarios, electricity becomes an
increasingly important component of the global ggesystem, fueled by growing
guantities of fossil fuels. Despite differencesha relative contribution of different fuel
modes across the three reference scenarios, éstal fuel use rises from about 30 EJ/y
in 2000 to between 170 EJ/y and 270 EJ/y in 2IMtus, the larger difference in total
power generation reflects large differences indégloyment of non-fossil energy forms:
biofuels, nuclear power, fuel cells, and other resiges such as wind, geothermal, and
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
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The imposition of radiative forcing limits dramatity changes the electricity sector. The
IGSM model responds to the stabilization scenayiogducing the use of coal and oll
relative to the reference scenario, expanding époyment of gas and coal with CCS,
and reducing demand. However, at low carbon predsstitution of natural gas for coal
occurs in the IGSM scenarios. MERGE reduces theotisoal in power generation,
while expanding the use of non-biomass renewabldsaal with CCS. The MiniCAM
model reduces the use of coal without CCS, andredgdeployment of oil, gas, and coal
with CCS technology. In addition, nuclear and fommass renewable energy
technologies capture a larger share of the marvkethe less-stringent levels of
stabilization, i.e., Levels 3 and 4, additionalfbels are deployed in power generation,
and total power generation declines. At the manegent stabilization levels,
commercial bio-fuels are diverted to the transpgmmesector, and use actually declines
relative to the reference.

All modeling groups assumed that £€€vuld be captured and stored in secure
repositories, and in all cases CCS becomes a ta@e-activity. Annual capture
guantities are shown in Table 4.4. It is always ohthe largest single changes in the
power-generation system in response to stabilizatioadiative forcing, as can be seen
in Figure 4.12. As with mitigation in general, C&tarts relatively modestly in all the
scenarios, but grows to large levels. The totaiasfe over the century is recorded in
Table 4.5spanning a range from 27 GtC to 92 GtC for Levahd 160 GtC to 328 GtC
for Level 1. The modeling groups made no atterpeport 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 resemvapacity.

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. Geotogjorage 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 unatéel the effect on cost would be
adverse. These scenarios tend to favor CCS butethdéncy could easily change with
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different assumptions about nuclear power thateslewithin the range of uncertainty
about future costs. Nuclear power carries withsties of long term storage or disposal
of nuclear materials and proliferation concernfug, either are viable options but both
involve regulatory and public acceptance issuelsseit CCS and nuclear fission, these
models would need to deploy other emissions abateapgtions that would potentially
be more costly, or would need to envision largakiteroughs in the cost, performance,
and reliability of other technologies. This stuths not attempted to quantify the
increase in costs or the reorganization of thegngystem in stabilization scenarios
without CCS. This sensitivity is an important itémthe agenda of future research.

CCS is not the only technology that is advantagestabilization scenarios. Renewable
energy technologies clearly benefit, and their dgplent expands in both the MERGE
and MiniCAM scenarios. Nuclear power also obtam®st advantage in stabilization
scenarios and experiences increased deploymetityparly in the MiniCAM

stabilization scenarios. The fact that no cleam&r emerges from among the suite of
non-fossil power-generating technologies reflelesdifferences among the modeling
teams regarding expectations for future technofmgyormance, market and non-market
factors affecting deployment, and the ultimate sgvef future emissions mitigation
regimes.

4.4.3. Changes in Energy Patterns in the United States

Changes for the U.S. are similar to those obseimetthe world in general. This pattern
reflects the facts that the mitigation policy igplemented 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 subatatd begin with initiation of the
policy in all three models. With Level 1 stabilizen, the U.S. energy system net
changes range from 11 to almost 26 EJ per yedd20.2 These changes are net
reductions and do not reflect other changes irctimeposition of the energy system.

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

Near-term changes in the U.S. energy system are ownplex than in the long term.
While oil consumption always declines at higheboartax rates for all the modeling
teams and all stabilization regimes, near-term ghain oil consumption can be
ambiguous at lower tax rates. There is no ambigegarding the effect on coal
consumption, which declines relative to the refeeescenario in all stabilization
scenarios for all models in all time periods. $amy, total energy consumption declines
along all scenarios. While nuclear power, comnatitmiomass, and other renewable
energy forms are advantaged, and at least onewof #iways deploys to a greater extent
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in stabilization scenarios than in the referen@nado, the particular form and timing of
expanded development varies from model to model.

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 commdicalass fuels and deployment of
CCS at higher carbon tax rates. Similarly, thgdat change in the MERGE model is the
reduction in total energy consumption augmenteddptoyment of CCS. Unlike the
IGSM stabilization scenarios, however, it augméinése changes with increased
deployment of nuclear power and renewable enenggdaather than commercial
biofuels. The MiniCAM model also exhibits reductsin total energy consumption and
increasingly deploys nuclear power, commercial l@ss) and 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 egezgnsumption are an important
component of response at all stabilization levelali scenarios reflecting a mix of three
responses:

» 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 dipgs-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 employ three differentagmhes 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
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stabilization scenarios lead to expanded deployréhtofuels relative to the
reference scenarios, with attendant implicationddnd use and land cover.

Similarly, all three modeling teams employ différapproaches 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.

Despite the differences across the modeling tetneatments of the terrestrial
carbon cycle, aggregate behavior of the carboneydre similar, although this
similarity likely understates many of the deepecartainties of how terrestrial
systems will respond to environmental change and adicy incentives can be
designed to create incentives for abatement straseglated to land use and
land use change.

In stabilization regimes, the cost of fossil fuedes, providing an increasing motivation
for the production and transformation of bio-enem@gy shown in Figure 4.16. In the
IGSM modeling system, production begins earlier pratiuces a larger share of global
energy as the stabilization limit becomes moregant. Similarly, in the MiniCAM
scenarios, deployment begins earlier and produgiows larger the more stringent the
stabilization target. In the presence of lessigént stabilization limits, production of
bio-crops is lower in the MiniCAM scenarios than@SM. Production reaches higher
levels when stabilization limits are more stringentevels 1 and 2. These differences
between the models are not simply due to diffeteatments of agriculture and land use
but also reflect the full suite of technology arahlvior assumptions.

Although total land-areas allocated to bioenergpsrare not reported in these scenarios,
the extent of land area engaged in the producti@mergy becomes substantial. For
example, in the Level 1 stabilization scenarioghiergy corps are the largest activity
conducted on the land in the MiniCAM scenario. sTisipossible only if appropriate land
is available, which hinges on future productivitgieases for other crops and the
potential of bioenergy crops to be grown on lardd are less suited for food, pasture,
and forests. In the IGSM, demands on land fordgtsf cause land prices to increase
substantially as compared with the reference becatisompetition with other

agricultural demands.

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

Stabilization scenarios limit the rise in g&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 4.17/hows that in the IGSM Level

4 scenario, the effect is largest in the post-20&@od and amounts to about 0.8 GtCly in
2100. The IGSM Level 1 scenario begins to deparkedly from the reference before
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2050, and the difference grows to approximatelyGO/y by 2100. The effect of the
diminished CQ fertilization effect is to require emissions métgpn in the energy-
economy system to be larger by the amount of tfierdnce between the reference
aggregate net terrestrial @0Optake and the uptake in the stabilization scenari

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

The MiniCAM model uses the terrestrial carbon-cyoledel of MAGICC as one
component to determine the aggregate net carbandlthe atmosphere. However,
unlike either the IGSM or the MERGE models, MiniCAlMtermines land-use change
emissions (e.g., deforestation) from an interadbietween the choice of land use and
associated carbon stocks and flows. Thus, econoconipetition among alternative
human activities, crops, pasture, managed forestsnergy crops, and unmanaged
ecosystems determine land use, which in turn (alatigits associated changes)
determines land-use change emissions. Thus, hptoas MiniCAM exhibit the same
types of CQ fertilization effects as IGSM, but also there significant interactions
between the agriculture sector and the unmanagesstieal carbon stocks in both the
reference and stabilization scenarios. MERGE raaistits neutral biosphere in the
stabilization scenarios.

One implication of the MiniCAM approach is that es$ a value is placed on terrestrial
carbon emissions as well as on fossil fuel emissistabilization scenarios can lead to
increased pressure to deforest. MiniCAM resul®red in Figuret.17assume that
both fossil fuel and terrestrial carbon are pric&thus, there is an economic incentive to
maintain and/or expand stocks of terrestrial cadmowell as an incentive to bring more
land under cultivation to grow bioenergy crops.riioa value exerts an important
counter-pressure to deforestation and other laed:shanges that generate increased
emissions.

To illustrate the importance of valuing terrestdatbon, especially in more stringent
stabilization scenarios, sensitivity cases wereusing MiniCAM in which no price was
applied to terrestrial carbon emissions. Thessigeity results showed dramatically
increased levels of land-use change emissions vemasstrial carbon was not valued.
The reason was that the value of carbon in theggrsrstem created an incentive to
expand bioenergy production. In turn, that expam$ed to increased demand for land
for biomass energy crops. But the resultant defation increased terrestrial @O
emissions, requiring even greater reductions isiféigsel CQ, emissions and even higher
prices on fossil fuel carbon. This increased thmand for bioenergy and led to even
more deforestation. Thus, without a value on &ria carbon, a vicious cycle can
emerge in which accelerated deforestation (whicuiecwhen terrestrial carbon is not
valued) leads to a higher emissions mitigation ireguent in the energy sector, which in
turn leads to higher carbon prices, and then timeneased demand for biomass fuels.
and thus, is a positive feedback to land-use changssions. The MiniCAM results
reported here assume a policy architecture thaepla value on terrestrial carbon,
avoiding the vicious cycle described above. Mosppsed policy architectures have not
envisioned such complete incentives for land usklamd use change (Reilly and
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Asadoorian, 2006). This sensitivity study illusésthe potential importance of this
aspect of effective policy design related to lasd.u

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 are of similar patterns acsdbe 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 $500 to $1200 per ton, and i@@dange from $550 to several
thousand dollars, with the IGSM results producing higher end costs in all
scenarios.

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. Effects on natural gas premesinfluenced as well, particularly
in the EPPA scenarios, where with less stringergdts gas prices increase due to
substitution toward gas. Electricity prices gerbrancrease because they reflect the
carbon allowance price but the increase is modetdtecause of the possibilities
substituting non-carbon, and lower carbon emittingls, and the fact that fuel cost
(inclusive of carbon price) is only one componetast. These effects are, of
course, on the producer price; the consumer prfoesll fuels (inclusive of the
carbon price) are higher under the stabilizatiorsarios.

The models estimated macroeconomic cost of thdizéion, measured as change
in Global World Product (GWP), mirror the results fcarbon prices, rising over
time and with the stringency of the constraintwith substantial differences among
the models with the ISGM producing considerabhhargcosts than the other models.
For example, the estimated reduction in GWP fobiitaation at Level 1 at mid-
century is about 1% for MiniCAM and MERGE to appnaately 5% for EPPA, a
difference mainly arising from the higher EPPA refece emissions. In 2100 on the
other hand the range is from 16% for EPPA to betwE® and 2% for the other two
models. This difference is principally a functmfrdivergent assumptions about
technology development, and the range is an ingigadf the limits to our knowledge
of technology advance a half-century and more ihéofuture.
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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 seéiguare 4.18. All implemented prices or
constraints that provided economic incentives @@lemissions, and the instruments
used can be interpreted as the carbon value thatiibe consistent with either a
universal cap-and-trade system or a harmonizedna#x.

Figure 4.18. Carbon Prices across Stabilizatiom&uoes

The similarity of the price paths, rising over tinneflects the similarity of an economic
approach employed by the three modeling teamsysked in Section 4.2. The carbon
cycle requires all stabilization paths eventuallygach an emissions peak and thereafter
to reduce emissions to ever lower levels — a pattet tends to generate a rising carbon
price over time. Stabilization Levels 2, 3, and dwd eventually require emissions levels
in the post- 2100 period to fall to levels as lowawer than Level 1 stabilization

scenario emissions in 2100. Thus, stabilizatiooasicentrations at these higher levels
merely displaces the emissions limitation taskriret

The IGSM shows the highest marginal costs in alt &iabilization scenarios. Yet the
marginal abatement curves of the IGSM, MERGE, ami®AM models are very
similar for the 2050 period when plotted in ternipercentage reduction from reference,
seen in Figure 4.19. The models’ behaviors divardbe post-2050 period, reflecting
differences in long-term technology expectation®agihe three reference scenarios,
and this has repercussions for earlier periodse afiproximated forward-looking
behavior created by the carbon price path meansht@dGSM results anticipate less
significant technological breakthroughs and ovegratie incentives for abatement must
be higher throughout the century to achieve targghictions. With relatively low cost
abatement options after 2050, the MiniCAM carbangs are lower throughout the
century. The MERGE results are based on an ekficvard-looking response,
featuring technology assumptions more similar taiRIAM and showing similar lower
carbon prices throughout the century than in theNIG

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

The reference scenario also plays an importaat vath 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 {exaehktabilization
targets. The results also depend on other scecam@onents, such as interactions with
land-use emissions and non-£GHGs. Recall that the MiniCAM model has higher,CO
emissions and higher G@oncentrations in the stabilization scenarios thamother
models as a direct consequence of its estimatadoe substantial opportunities for
emissions mitigation opportunities in the non-G&HGs, in particular for Cll thus
leaving room under the forcing caps for a largetigbution from CQ.

June 26, 2006 4-19



OCoO~NOOUIDEWNPE

CCSP Product 2.1, Part A Draft for Public Comment

With a somewhat larger mitigation burden in the dedof the century, the IGSM
scenarios require larger percentage cuts in €flssions 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 levels out in the most stringent case at $4@in MERGE. This result is a
function of an assumption in MERGE that at thi€@riactors in the economy can
purchase emissions rights in lieu of reducing teatissions further. This assumption
limits the level of emissions reduction in MERGEMat which is economically efficient
at $1000/tC. Note that MERGE still reaches thedldvradiative forcing target even
with this assumption.

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

46.2. Stabilization and Non-CO, Greenhouse Gases

Each of the three models employs a different agtroa the non-CQGHGs. After

CO,, CH, is the next largest component of reference scemadiative forcing. The three
models project different reference scenario emiss(&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 modelgjioein the year 2000 with 300
MtCly in the year 2000. These are anthropogenihame emissions and the differences
reflect existing uncertainties in how much of tatethane emissions are from
anthropogenic and natural sources. MERGE €iissions grow to almost 600 MtCl/y in
the reference scenario. Like the MERGE referetieMiniCAM scenario begins with
emissions in the year 2000 at approximately 300/ytBut the MiniCAM reference
scenario is characterized by a peak in,@hhission at less than 400 MtCly, followed by
a decline to about 250 MtCly.

Each of the groups took a different approach trggthe price of Cil The MiniCAM
scenarios employ GWP coefficients, so the pric€ldf is simply the price of CO
multiplied by the GWP — a constant as seen in Eigu20.

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

In contrast, the MERGE model determines the redgpirice 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
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8% per year until is approaches a ratio of betwgand 10 to 1, where it remains
relatively constant. These results are the prodiiah 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 pattenespassible if other formulations of the
policy goal, such as limiting the rate of changeasfiative 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@hgyel 3 at 385 MtCly; Level 2 at 350
MtCly; and Level 1 at 305 MtC/y. As a consequetice 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 thereafsgpréviously discussed, this reflects
an implicit assumption that places higher valueear term reductions in climate
change, and a long run requirement of stabilizatian eventually each substance must
be (approximately) independently stabilized.

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 gO\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
scenarios and then rises, roughly linearly withetinThe relative price approximately
doubles in the Level 4 stabilization scenario, ibiimost 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 vijuhe 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 necessarilydaae stabilization of the
concentrations of these gases before the end diviirgy-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. BO Concentrations across Scenarios
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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 tfiahe relationship.

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

One of the clearest results to emerge from thelizialon scenarios is their depressive
effect on the world price of oil (Figure 4.22). led¥ stabilization scenarios have a
relatively modest effect on the oil price but taffect is stronger with the more stringent
the level of stabilization. The three models giiféerent degrees of oil price reduction,
which in turn depends on many factors, including ltkee supply of oil is characterized,
the carbon price, and the availability of subséitiechnologies for providing
transportation liquids, such as biofuels or hydroge

Figure 4.22. World Qil Price, Reference and Stahilon Scenarios

Figure 4.23. United States Mine-mouth Coal PricefeRence and Stabilization
Scenarios

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 stabilizaoenarios (see Figure 4.23). The
effect is mitigated by two features: the assumaelability of CCS technology, which
allows the continued large-scale use of coal ingrayeneration 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 oredesas without much change in price.

The impact on the natural gas producer price isesomplex (see Figure 4.24). Natural
gas has roughly one-half the carbon-to-energy dtemal. 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,
particularly in the pre-2050 period. At Level alsilization, natural gas use is reduced
over the entire period. On balance, the naturalpgie is less affected by stabilization in
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the MERGE and MiniCAM models when the substitutzomd conservation effects are
roughly offsetting. The different impacts on tleakprice reflect the different
characterization of supply. MERGE models coal $upp a constant marginal cost
supply technology; with no resource rents or défgmresource grades, so the price is
equal to the marginal cost in any period regardbéske production level. The IGSM
and MiniCAM include a resource characterizatiomadl that is graded and/or includes
resource rents and thus reduced demand leads ¢o ppwes. Thus, while the models
agree that stabilization will tend to depress aitgs, they show different pictures of the
effect on natural gas and coal prices.

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.. Brg/@ay the market price, plus the value of
the carbon associated with the fuel, which is theepof carbon times the fuel's carbon-
to-energy ratio. That additional carbon cost Wwélreflected in the fuel buyer’s fuel price
if the carbon taxes, or required permits in a cag-@ade system, are placed upstream
with fuel producers. On the other hand, the aduellprice impact they see may be
similar to the producer price impact if carbonagulated downstream where the fuel is
used. In this case, fuel users would be able yofteel relatively inexpensively but would
pay a separate large price for necessary carbogehassociated with emissions.

The effect on the price of electricity is anotheambiguous result (see Figure 4.25).
Because power generators are fossil fuel consurtinergyrice of electricity contains the
implicit price of carbon in the fuels used for geat®n. All of the scenarios exhibit
upward pressure on electricity prices, and the rstrregent the stabilization level, the
greater the upward pressure. The pressure isatatigoy 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.

46.4. 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 theliregl policy measures — or
equivalently, the value of activities that sociefijl not be able to undertake as a
consequence of pursuing stabilization? While thecept is easy enough to articulate,
defining an unambiguous measure is problematic. cveot 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 idetiSince we do not directly observe
preferences it is not clear that a well-definedalogelfare function exists, and in its
absence any measure of “cost” is a more or leggfaabry compromise.
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Stabilization is further complicated by the needd¢gregate 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-existimayket distortions impose costs on
the economy, and climate measures may interactthwim so as to reduce or exacerbate
their effects — creating a situation in which tlegywconcept of cost is unclear. Any
measure of global cost also runs into the furtmeblem of international purchasing
power comparisons discussed in previous chaptarally; climate change is not the only
problem involving the public good, and measuresddress other public goods (like
urban air quality) can either increase or decrease 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 ag#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. The required simplifications tend
to lead to the lowest mitigation cost estimatessesiant with the assumed technology
availabilities.

Finally, making an estimate of global economic d¢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 society were to produce and deploy ncost-effective technology options
than those assumed here, these costs could be |@vethe other hand, if society does
not deliver the cost and performance for the teldgies assumed in these scenarios,
costs could be higher.

While all of the above considerations have not kedansively investigated in the
literature, the implications of less than ideal iempentation has been investigated and
these analyses show that it could increase the safistantially. Richels et al. (1996)
showed that for a simple policy regime, eliminatingernational “where” and “when”
flexibility, while assuming perfect “where” flexility within countries, could potentially
raise costs by an order of magnitude comparedotdiey 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 stalgliZi concentrations
and leave society with higher G@oncentrations. Babiker et al. (2000) similatpwed
that limits on “where” flexibility within countriesan substantially increase costs —
although employing “where” flexibility also can irease costs in the context of tax
distortions (Babiker et al., 2003a,b; Babiker et2004; Paltsev, et al., 2005)
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With that prologue, Figure 4.26 reports the chamig@éross World Product during the
twenty-first century in the year in which they ocooeasured 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 sies@mployed here, but as discussed
above and in Chapter 3 the approach has limitstgeeBox in Chapter 3). While change
in Gross World Product is not the intellectuallysheatisfying 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 Prod&tabilization
Scenarios

Overall, the models yield similar patterns in tlostaresults. 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 forth theamore, GWP reductions rise non-
linearly as the degree of stringency increases.d¥ew for any degree of stringency
significant variation is observed across the modelsese differences in turn can be
traced to differences in model assumptions. Whilas not possible to undertake the
intensive model inter-comparisons that would beessary to fully unravel the sources of
these differences, some insights are possible.

Up to mid-century differences in the model resates mainly attributable mainly to their
different reference case emissions. The IGSM eefm scenario reaches 18 GtCly in
2050 compared with 12 GtC/y for MERGE and 14 GtlofyMiniCAM (Figure 4.6).

With its higher reference emissions the IGSM mumstartake more stringent mitigation
than in either the corresponding MERGE or MiniCA&&sarios. This influence is
particularly important for the more ambitious stalation Levels, 1 and 2. Returning to
Figure 4.19, note that the relationship betweerptiee of carbon and the percentage
abatement relative to the reference scenario i1 208ery similar between the three
modeling teams. Given this result, it is likelytfahe required mitigation was of the
same relative magnitude, then the GWP costs waallthdre similar as well. But, the
degree of emissions mitigation is not the samecasts rise non-linearly with the
required reduction. The IGSM with its higher refgce emissions must reduce by 75%
while MERGE mitigates only 70% and MiniCAM by 66%.

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. Yet, the degfeenaissions mitigation required by the
three modeling teams is more similar in 2100 thavas in 2050. In fact, in 2100 the
percentage rate of emissions mitigation requiretheyy\GSM Level 1 case is smaller
than the percentage rate of emissions mitigatiqoired by either the MiniCAM or
MERGE models.
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In the post-2050 period, therefore, assumptionsiaénailable technology and the rate of
technological change are the major causes foriffexzehce in outlook. This variation is
most important in end-use sectors, buildings, itrguend transport. In power generation
all three models have essentially decarbonizedéyear 2100 (Figure 4.11), but not in
the end-use sectors where fossil fuels remain itapar As a second factor causing the
difference, electricity also plays a more importané in the MERGE and MiniCAM
scenarios than in the IGSM stabilization scenaftsis, the relative ease that all three
models display in removing carbon from power geti@nas especially helpful to the
MERGE and MiniCAM stabilization scenarios as end-applications rely more heavily
on electricity to deliver energy services in thesmlels. The variation in estimated cost
serves to underscore the importance of the ratelaadcter of technological change
over long periods of time, and the fundamental taggy regarding technology
developments more than half a century into theréutu
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Table 4.1.Long-Term Radiative Forcing Limits by
Stabilization Level and Corresponding Approximata,C
Concentration Levels

Long-Term Radiative
Forcing Limit Approximate
Stabilization| (Wm™ relative to pre-| 2100 CQ Limit
Level industrial) (ppmv)
Level 4 6.7 750
Level 3 5.8 650
Level 2 4.7 550
Level 1 3.4 450

Table 4.2. Radiative Forcing in the Year 2100 acgss Scenarios

Radiative Forcing in 2100
(Wm relative to pre-industrial)
Long-Term Radiative
Stabilization o) [ IGSM MERGE | MiniCAM
(Wm™ relative to pre-
Level . .
industrial)

Ref No Constraint 8.6 6.7 6.5
Level 4 6.7 6.1 6.1 6.0
Level 3 5.8 5.4 55 5.5
Level 2 4.7 4.4 4.6 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)

CO, Concentration in 2100 (ppmv)
Approximate Long-
e (52 IGSM MERGE | MiniCAM
Concentration
Level -
Limit (ppmv)

Ref - 875 717 762
Level 4 750 677 649 725
Level 3 650 614 590 673
Level 2 550 526 520 565
Level 1 450 451 426 463
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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 0.03 0.09
Level 4 2050 0.44 0.22 0.18
2100 4.12 2.48 0.95
2030 0.05 0.03 0.10
Level 3 2050 0.83 0.38 0.22
2100 4.52 3.66 3.03
2030 0.12 0.10 0.13
Level 2 2050 1.96 1.37 0.62
2100 4.97 4.40 6.47
2030 0.37 0.18 0.72
Level 1 2050 2.76 1.60 3.12
2100 4.44 3.38 7.77

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

Cumulative Global Carbon Capture
and Storage (PgC)
SEDIRE: IGSM | MERGE | MiniCAM
Level Year
Level 4 2050 4 3 4
2100 92 50 27
Level 3 2050 8 5 4
2100 153 118 58
Lavia| 2 2050 19 13 8
2100 208 199 179
Level 1 2050 37 17 42
2100 231 160 328
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Table 4.6. Carbon Prices in 2020, 2030, 2050, aBtl00, 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 $3 $4 $44 $5 $7
Level 2 $75 $8 $17 $112 $13 $29
Level 1 $259 $112 $94 $384 $196 $166
2050 ($/tonne C) 2100 ($/tonne C)
Stabilization
Level IGSM MERGE | MiniCAM IGSM MERGE | MiniCAM
Level 4 $58 $7 $6 $415 $72 $72
Level 3 $97 $14 $18 $686 $160 $217
Level 2 $245 $37 $99 $1,743 $440 $330
Level 1 $842 $589 $435 $6,053 $1,000 $676

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

Base Cost Added Cost | Added Cost

Fuel ($1990) %) (%)

Crude Oil ($/bbl) $16.0 $12.2 76%

Gasoline ($/gal $0.98 $0.26 27%

Heating Oil ($/gal) $0.89 $0.29 33%

Wellhead Natural Gas ($/tc $1.81 $1.49 82%
Residential Natural Gas ($/to $5.87 $1.50 26%
Mine-mouth Coal ($/tsorr1]c)>r $23.0 $55.3 240%
Utility Coal ($/short ton) $33.5 $55.3 165%
Electricity (c/kwWh) 6.5 1.76 27%

Source: Bradley et al. (1991). [Good table. Raigrto 1990 prices, seems however, to be awfully
dated. Couldn’t we just replace Base cost with B##ta for e.g 2005, and then recomputed the
percentage—the added cost should not change be$a08aemains $100.
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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). Results for radiative forcing
(W/m? increase from preindustrial) for the reference fur stabilization levels show differences
among the models for the reference case but eaBgimdientical results for all three models in eath
the stabilization scenarios reflecting their desifyfodels remain below the Levels 3 and 4 targets i

2100, allowing for a gradual approach to the talgptls in the following century.
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Figure 4.2. Total Radiative Forcing by Gas in 210@cross Scenarios (W/rrelative to
preindustrial). Results for radiative forcing in the year 2100 y&show CQ to be the main
contributor. Contributions from non-G@ases are relatively higher in the reference en@SM
results, and relatively lower for the MiniCAM retjlwith MERGE intermediate.
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Figure 4.3. CQ, Concentrations across Scenarios (ppmv)Atmospheric concentrations of G@nge
from about 715 ppmv to 875 ppmv in 2100 acrossiibdels, with no sign of slowing in the reference.
Radiative forcing targets were chosen so that @centration levels would be approximately 450,
550, 650, and 750 ppmv at stabilization for Le\iglg, 3, and 4, respectively. Some differencesrggmo
models occur because of the relative contributiootlver GHGs to meeting the radiative forcing tésge
and because for Levels 3 and 4 the models simutatgddual approach to the stabilization level that
will occur in 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&dlabatement as it contributed to the
stabilization target, leading to relatively littlalue for controlling CH until the target was approached
due to the gas’s relatively short lifetime. 1GS¥MElized 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. Thus, ocean behawitie future is

an important determinant of atmospheric concemtnati The three-dimensional ocean used for the
IGSM simulations shows the least ocean carbon epakl considerable slowing of carbon uptake even
in the reference when carbon concentrations areneong to rise. MERGE shows the largest uptake in
the reference, and greatest reduction from referenthe stabilization scenarios. MiniCAM resudte
intermediate.
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Figure 4.6.Fossil Fuel and Industrial CO, Emissions across Scenarios (GtC/y)Oceans have taken
up approximately one-half of anthropogenic emissiohCQ since pre-industrial times. Thus, ocean
behavior in the future is an important determirafratmospheric concentration$he three-dimensional
ocean used for the IGSM simulations show the leesan carbon uptake and considerable slowing of
carbon uptake even in the reference when carboteotrations are continuing to rise. MERGE shows
the largest uptake in the reference, and greadsiction from reference in the stabilization scersar
MiniCAM results are intermediate.
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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 reduction in energy usergased use of carbon-free sources of energy (smm¢her renewables, nuclear), and
addition of carbon capture and sequestration. cbiiribution of each varies among the models, céflg different assessments of the

economic viability, policy assumptions, and reseunaits.
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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 fasesuse unless carbon capture and sequestratiemployed. MiniCAM and
MERGE simulations suggest a 35- to 40-fold increasen-carbon fuels from present levels of proourct IGSM simulations indicate
more of the carbon reduction is met through denraddctions, with energy use cut by more than otiefizan reference in 2100.
Levels 2, 3, and 4 require progressively less foansation compared with the reference in the conuagtury, 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, wisib@l use is reduced, it remains an
important electricity fuel. Use of CCS is the maupply response in IGSM, in part because nucleaepwas limited due to
policy/safety concerns. Nuclear and renewablemtéy sources play a larger role in MERGE and MIIAM 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 availabilitgdd to considerably different scenarios for thédal@lectricity sector in reference and
stabilization scenarios across the models. IGSMikitions project relatively little change in tHearicity sector in the reference, with
continued reliance on coal. MERGE and MiniCAM gadjlarge transformations from current in the refiee. All 3 forecast large
changes from reference to meet the stabilizatiayets.
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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 (Figure 4.10). One difference notiobs from these primary fuel data is

the transformation from conventional oil and gasyothetic fuel production derived from shale aitoal.

shale oil in the reference with some coal gasificetwhereas MERGE simulates synthetic liquid aasegus fuels derived from coal.

IGSM MERGE MiniCAM
. 250 250 250
U')_ Non-Biomass Renewables Non-Biomass Renewables Non-Biomass Renewables
) Nuclear Nuclear Nuclear
o - 200 1 m Commercial Biomass 200 1 m Commercial Biomass 200 1 m Commercial Biomass
e o) W Coal W Coal W Coal
C = o Natural Gas o Natural Gas o Natural Gas
S L |10 4 =150 g =150 g
ow |8 2 8
> > >
oz oyl B = _saaniiil
g [ mi g l ] i g
c
O = 50 50 50
oo
Q2
&) 0 - 0 - 0 -
2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100
Year Year Year
(]
200 200 200
g > WCCS WCCSs MCCS
il e) 150 4 Energy Reduction from Reference 150 4 Energy Reduction from Reference 150 4 Energy Reduction from Reference
c = Non-Biomass Renewables Non-Biomass Renewables Non-Biomass Renewables
(] Nuclear Nuclear Nuclear
O c 100 1 ®Commercial Biomass 100 1 ®Commercial Biomass 100 1 ECommercial Biomass
1) L § m Coal § m Coal § m Coal
Natural Gas Natural Gas Natural Gas
© > Z 50 - ‘ Z 50 - ‘ Z 50 :
— 7 mOil ) mOil ) mOil
] [ [ [
© G B | — — — 3 E}
CE % 0- ———ﬁ- Bl % 0 ————-. % 0
Q= i i i
0N -50 -50 -50 |
)]
< 0 -100 - -100 -100
0D
> c -150 -150 -150
il) - 2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100
Year Year Year
June 26, 2006 4-50

IGSM projects heavy use of




CCSP Product 2.1, Part A Draft for Public Comment

8-, 200 200 200
C > CS ®WCCSs mCCSs
c O 150 - Energy Reduction from Reference 150 4 Energy Reduction from Reference 150 4 Energy Reduction from Reference
c = Non-Biomass Renewables Non-Biomass Renewables Non-Biomass Renewables
O (O] Nuclear Nuclear Nuclear
e 100 1 B Commercial Biomass 100 1 ®Commercial Biomass 100 1 ®Commercial Biomass
v o|E " Nowral 6 $ " Nowral 6 $ " Nowral 6
O > > 5 loﬁ ural Gas > 5 loﬁ ural Gas > 5 loﬁ ural Gas
= < |8 3 3
g © |3 || = . =
c g |& °f ---s g 0 — == - g 09 ——r
5 E |3 m ; g :
QN -50 -50 -50
0p]
™ v -100 - -100 1 -100 1
o=
> c -150 -150 -150
3 — 2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100
Year Year Year
8-, 200 200 200
c > CS ®CCS ®CCS
c o 150 4 Energy Reduction from Reference 150 4 Energy Reduction from Reference 150 | Energy Reduction from Reference
c = Non-Biomass Renewables Non-Biomass Renewables Non-Biomass Renewables
U ()] Nuclear Nuclear Nuclear
LICJ 100 { ®Commercial Biomass 100 { M Energy Reduction from Reference 100 1 ®Commercial Biomass
PN <] H Coal & H Coal & H Coal
8 - > 0] (l\ﬁtural Gas > 0] (l\ﬁtural Gas > 0] (l\ﬁtural Gas
= C 4 mOi 4 mOoi 4 mOi
] © E — | - | 3 B 3
CE % 0- --.- % 0 ——-. % 0 -
Q= |d — i o
On -50 A | -50 - -50 -
7! HE
N0 -100 - -100 -100
o=
> c -150 -150 -150
3 — 2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100
Year Year Year
% 200 200 200
c > CS WCCSs CCs
c O 150 4 Energy Reduction from Reference 150 4 Energy Reduction from Reference 150 4 Energy Reduction from Reference
N = Non-Biomass Renewables Non-Biomass Renewables Non-Biomass Renewables
O (] Nuclear Nuclear Nuclear
c 100 1 ®Commercial Biomass 100 1 ®Commercial Biomass 100 1 ®Commercial Biomass
1) L I H Coal I H Coal I H Coal
o > 50| Natural Gas . > 50| " Natural Gas > 5o | Natural Gas
= E’ 2 mOil 2 mOil 2 | Jell]
© |5 ] S
gE S o- = B = 2 0 o | 8 o =EHo=—
£, =EEEEN : | s =
8 o -50 --- -50 | -50
— ) -100 - ] . . l -100 -100
0D
> -~ -150 -150 -150
3 — 2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100
Year Year Year
IGSM MERGE MiniCAM

June 26, 2006 4-51



CCSP Product 2.1, Part A Draft for Public Comment

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®wng the three models. MiniCAM shows the greatesrsity of supply
technologies, whereas IGSM tends to project donitvaimners” for different energy carriers. Whiatchnologies would win likely
depends on specific assumptions about cost anthbiiy of individual technologies—assumptionstthee highly uncertain. In terms of
R&D, then, a broad investment portfolio, includimgny different technologies, is likely needed.
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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 among the models although the respmfisemass production under the
stabilization targets differs. In MERGE, theraismaximum biomass potential that is achieved irréference case, and so no more is
forthcoming under the stabilization scenarios. M@3omass production increases relative to referdacLevels 2, 3, and 4, but little
additional increase occurs for Level 1 becauseofpetition for agricultural land. MiniCAM biomassmpetes with agricultural land,
but that competition does not place as strong & émproduction as for IGSM.
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Figure 4.17. Net Terrestrial Carbon Flux to the Atnosphere across Scenarios (GtC/y)Simulated
net terrestrial carbon flux to the atmosphere, unelierence and stabilization levels, as simulatethe
three models reflect differences in the model $tmas for processes that remain highly uncertain.
MERGE assumes a neutral biosphere. IGSM and MiM@#&nerally represent the land as a growing
carbon sink, with the exception of the Level 1 MIAM simulation, in which increased demand for

land for biomass production leads to conversioncartdon loss.
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Figure 4.18. Carbon Prices across Stabilization Saarios ($/tonne C). IGSM projects relatively higher carbon prices for alldks of
stabilization than the other models, exceeding $8@0by 2100 in the Level 1. The MERGE price iped at in the Level 1 scenario at
$1000 after 2070MiniCAM prices reach about $800/tC by 2100 undier tevel 1 targets. Given how the path of emissieauctions

were designed, near-term prices are driven by tice pequired at stabilization, dependent asanisiighly uncertain characterizations of
future technology options.
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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 percerdbgtement in 2050 and 2100 is similar
among the models in 2050 but diverges in 2100. M@pproaches an infeasibility for emissions

reductions greater than 80%, whereas MERGE and(dmi can achieve 90 and 95% reduction from
reference at prices of $1000 or below.
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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 treatmentshig tradeoff. MiniCAM set the tradeoff at the £global warming potential, a
constant ratio. MERGE optimized the relative @rath respect to the long-run stabilization targ€&SM forced stabilization of each

gas independently. IGSM set emissions so thaterdretions of Chlwould stabilize and allowed the GHrice path to be determined by

changing abatement opportunities. GiveX®dNmissions from agriculture, the relative pricdNgD is very high, in part because
reference emissions were high. Lower referencesgomns of NO for MERGE and MiniCAM allowed them to achieveatlely low

emissions at lower JD prices.
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Figure 4.21. NO Concentrations across Scenarios (ppbv)Atmospheric concentrations ob@ range
from about 375 ppbv to 505 ppbv in 2100 acrossribdels and with concentrations continuing to rise
in the reference. Each modeling team employedfareint approach to emissions limitations ozOIN
leading to differences in concentrations betweerréfierence and stabilization cases. The largest

differences between reference and stabilizatioasascur in the IGSM results.
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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 unaenature of such scenarios, but all three model# shat policies to stabilize emissions
would depress olil prices relative to the refereneeoducer prices do not include any cost of cagEymits related to combustion and release
of carbon from petroleum 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 MiM@roject coal prices to be depressed by staltibnascenarios, whereas MERGE
projects no impact reflecting characterization @dlcsupply as an inexhaustible single grade suattliere is no rent associated with the
resource. Prices thus reflect the cost capitbriaand other inputs that are little affected logy $tabilization policy.

IGSM MERGE MiniCAM
2.5 2.5 25
IGSM_Levell MERGE_Levell MINICAM_Levell
IGSM_Level2 MERGE_Level2 ——MINICAM_Level2
204 ¥ IGSM_Level3 204 —* MERGE_Level3 2.0 | —¥—MINICAM_Level3
—€—IGSM_Leveld —&— MERGE_Level4 —&—MINICAM_Level4
o == |GSM_REF o === \|ERGE_REF o === \1INICAM_REF
& 15 & 1.5 & 1.5
o o o
o o o
N N N
3 3 3
3 10 3 1.OM 2 LORH e ——p—p—g—y—
£ £ £
0.5 4 0.5 4 0.5 A
0.0 T T T T 0.0 T T T T 0.0 T T T T
2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100
Year Year Year

June 26, 2006 4-62



CCSP Product 2.1, Part A Draft for Public Comment

Figure 4.24. United States Natural Gas Producer®rice, Reference and Stabilization ScenariodJnited States natural gas producers’
prices vary in the reference across the modelsiQANM and MERGE show little or no effect on the gage for stabilization scenarios.
IGSM projects that stabilization at Levels 2, 3d @nincrease the price of gas because of subetttidward gas and away from coal and oil.
Gas prices fall relative to reference for Levetdbdization because gas demand is depressed leechtie tight carbon constraint.
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Figure 4.25. United States Electricity Price, Refence and Stabilization ScenariosUnited States electricity prices as projected & th
reference range from little change (MiniCam) orrewseslight fall by 2100 (MERGE) to about a 50% ease from present levels (IGSM).
Fuel prices affect electricity prices, but imprayiefficiency of electricity is an offset tendingreduce electricity prices. IGSM and
MERGE show sharp increases in the near-term uhdsetstabilization scenarios that require sigmficeear-term action, reflecting
adjustment costs associated with fixed capital.
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Figure 4.26. Global GDP Impacts of Stabilization awss Stabilization Levels (percentage)
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