O©CoOoO~NOOUIWNE

CCSP Product 2.1, Part A Draft for Public Comment

3. REFERENCE SCENARIOS

3. REFERENCE SCENARIOS ...ttt ieeeeeeiiriirrrrereereeeeeeeaaaeeaaaaaasesnnnnnns 1
I 2% I 11 Yo [§ Tox 1o [P O U P PP PP PPPPPRPPR 1
3.2, SOCIO-ECONOMIC ASSUMPLIONS .....uvvvveetmmmmmmn e e e eeeeeeeeeiiiiiniiae s e e e e e e e e e e e eeeeas 3
3.3. Energy Use, Prices, and TechnNology ....ccccceeerrrreiiiiiiiiiieeeeeeeeeeeeeeeviiiiiees 7

3.3.1. The Evolving Structure of ENergy USE .. cvveeeiiiiiiiiiiiiiiiieeeeeeeeeeee 7
3.3.2.  Trends in FUEI PIICES .....cooiiiiiiii ettt 10
3.3.3. Electricity Production and Technology ..........cccoooviiiiiiiiiiiiiiiiiiiiiiinnns 12
3.3.4. NON-EIeCtriC ENErgy USE ........ciiiiiicceeeeeiiee e 12
3.4. Land Use and Land-Use Change ........coccceeeeeiiiiiinn e 13
3.5. Emissions, Concentrations, and Radiative BQrei............ccceevvvvvvvvinicnnnnnnn. 15
3.5.1. Greenhouse Gas EMISSIONS............cummmmmmsaeeseeeeeeeaeeeeeeeeeeeensennnnnnn LB
3.5.2.  The Carbon Cycle: Net Ocean and Terresix@lUptake ..................... 19
3.5.3. Greenhouse Gas CoNCeNtratioNS ......ccccccoevvviiiiiiiieiiiiiie e 20
3.5.4. Radiative Forcing from Greenhouse GaSeS . ccoeveeeeeeeeeeeereeereinnnnns 21
3.6, REMEIENCES ...t ee e e 22

Reference scenarios for all three models show fsogmit growth in energy use
and continued reliance on fossil fuels, leadingmancrease in C@emissions
3% times the present level by 2100. When combwtadncreases in the non-
CO, greenhouse gases and net uptake by the oceareardttial biosphere, the
result is radiative forcing of 4 to 6 Wrabove the current level, which is 2.2
W/nf above pre-industrial.

3.1. Introduction

This chapter introduces the reference scenariosloleed by the three modeling groups.
These scenarios are starting points, not predstiddy the nature of their construction,
they are not intended to be accurate forecast&xample, they assume that in the post-
2012 period, existing measures to address clinfeiege expire and are never renewed
or replaced—an unlikely occurrence. Rather, treyetbeen developed as points of
departure to highlight the implications for eneemd other human activities of the
stabilization of radiative forcing. Each of the deting teams could have created a range
of other plausible reference scenarios by varyssymptions about rates of economic
growth, the cost and availability of alternativeesgy options, assumptions about non-
climate environmental regulations, and so forth.

Other than to standardize reporting conventionsgradnhouse gas (GHG) emissions
mitigation policies (or lack thereof), the threedrbng teams developed their reference
scenarios independently and as each judged mosi@apie. Based on this
independence, there are a variety of reasons whgriiant aspects of the reference
scenarios should be expected to differ among theeiing teams.
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As noted in Chapter 2, the three models were dpeelon the basis of somewhat
different original design objectives. They diffar(a) their inclusiveness, (b) their
specifications of key aspects of economic structane (c) their choice of values for key
parameters. These independent choices lead ayehtf characterizations of the
underlying economic and physical systems that thesgels represent.

Moreover, even if the models were identical in stoe, the independent choice of key
assumptions should lead to differences among sosnafFor example, as will be
discussed, the reference scenarios differ in gpecification of the technical details of
virtually every aspect of the future global enesggtem, ranging from the cost and
availability of oil and natural gas to the prospgeictr nuclear power. These differences
can profoundly affect future reference emissiorgsthie nature and cost of stabilization
regimes.

Finally, the modeling teams did not attempt to hamime assumptions about non-climate-
related policies. Such differences matter botthéreference and stabilization scenarios.
For example, the MiniCAM reference assumes a lagffect of methane emission-
control technologies deployed for economic reasahs;h results in lower reference
scenario methane emissions than the other mo&etsilarly, the IGSM modeling team
assumed that non-climate policies would limit te@ldyment of nuclear power, while

the MERGE and MiniCAM models assumed that nucleavgy would be allowed to
participate in energy markets on the basis of gneogt alone.

The variation in modeling approach and assumpi®ose of the strengths of this
exercise, for the resulting differences acrossages can help shed light on the
implications of differing assumptions about how kesces may evolve over time; it also
provides three independent starting points for wamation of stabilization goals.

Although there are many reasons to expect thahtiee reference scenarios would be
different, it is worth noting that the modeling tesmet periodically during the
development of the scenarios to review progresd@eachange information. Thus,
while not adhering to any formal protocol of stamtization, the three reference
scenarios are not entirely independent either.

A reference scenario is uncertain, a fact thatisfplly obvious to those who produce
scenarios and hardly news to anyone who has thaegioiusly about the wide range of
possible futures. Thus, it should be further erspeal that the three reference scenarios
were not designed in an attempt to span the fafieaof potential future conditions or to
shed light on the probability of the occurrencéutiire events. That is a much more
ambitious undertaking than the one reported h8mmne aspects of the uncertainty of
potential future reference scenarios of fossil are industrial C@emissions are
discussed later in this chapter.

The remainder of this chapter describes the referenenarios developed by the three
modeling teams. The approach of this chapter vgaidk forward from underlying
drivers to implications for radiative forcing; Chiap4 then works backwards, imposing
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the stabilization levels on radiative forcing amxglering the impacts. Section 3.2 begins
with a summary of the underlying socio-economiaagstions, most notably for
population and economic growth. Section 3.3 disesishe evolution of the global
energy system over the twenty-first century indbsence of additional GHG controls
and discusses the associated prices of fuels.efi&gy sector is the largest but not the
only source of anthropogenic GHG emissions. Afspartant is the net uptake or release
of CO, by the oceans and the terrestrial biosphere.id®e8t4 shows how the three
models handle this aspect of the interaction of &umarctivity with natural Earth systems.
Section 3.5 then shows the estimates of anthropogemssions, taking into account
both the energy sector and other sectors, suchracsibure and various industrial
activities. The section draws together all themg@ous components to present reference
scenarios of the consequences of anthropogenisemssand the processes of LO
uptake and non-C{as destruction for the ultimate focus of the stadsnospheric
concentrations and global radiative forcing.

3.2.  Socio-Economic Assumptions

GHGs are a product of modern life. Population g&se and economic activity
are major determinants of the scale of human aawiand ultimately of
anthropogenic GHG emissions. The reference scesarie similar in that both
population and economic activity are assumed tdinae to grow substantially
to the end of the century. Global population isjpcted to rise from 6 billion
people in the year 2000 to between 8.6 and 9.®bifjeople in 2100 in the three
reference scenarios. Developed nations are assumeahtinue to expand their
economies at historical rates, and some, but nptlaveloping nations are
assumed to make significant progress toward impretandards of living.

Reference scenarios are grounded in a larger deploigrand economic story. Each
uses population as the basis for developing estsnaftthe scale and composition of
economic activity for each region. For populatassumptions, the IGSM modeling team
adopted one U.N. projection for the period 2000€(03nited Nations 2001) and then
extended this projection to 2100 using informafimm a longer-term U.N. study

(United Nations 2000). The MiniCAM assumptions based on a median scenario by
the United Nations (United Nations 2005) and a &filium Assessment Techno-Garden
Scenario from the International Institute for AgoliSystems Analysis (O’'Neal 2005).
Near-term population assumptions for MERGE commftbe Energy Information
Administration’s International Energy Outlook. @vbke remainder of the century,
regional populations converge toward a set of ltrg: equilibrium levels with some
countries reaching these levels earlier than others

Table 3.1. Population by Region across Models, 200D

Regional populations are given in Table 3.1. Pdprancreases substantially across the
reference scenarios by the end of the centuryinbubne of the scenarios does
population exponential growth continue unabateastf the population growth occurs
in the next four to five decades in all three scesa By 2050, more than 75% of all the
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change between the year 2000 and 2100 has occukrddmographic transition from
high birth and death rates to low death rates apdteally to low birth rates is a feature
of most demographic projections, reflecting assuongtthat birth rates will decline to
replacement levels or below. For some countries) kates are already below
replacement levels, and just maintaining thesddew#l result in population decline for
these countries. An uncertainty in demographinages is whether a transition to less
than replacement levels is a more or less permdeatire of those countries where it
has occurred and whether such a pattern will beatep in other countries.

The differences between the scenarios lie in nigatthis pattern. The MiniCAM
reference scenario exhibits a peak in global pajuaround the year 2070 at slightly
more than 9 billion people, after which the popolatdeclines to 8.6 billion. MERGE
and IGSM, on the other hand, both employ demogcagtenarios in which global
population stabilizes but does not decline durlig tentury. Across the scenarios, by
the year 2100 populations range from 8.6 to 9léhipeople, an increase of 42 to 64%
from the 6 billion people on Earth in 2000. Takenotal, the difference between the
demographic scenarios is relatively small: thefediby only 3% in 2030 and by less
than 10% until after 2080.

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

The variance in population among the models istgrdar the U.S. than for the globe.
The U.S. population, in the right panel of Figurg, 3ncreases from about 280 million in
the year 2000 to between 335 million and 425 mmlly 2100 among the three reference
scenarios. Interestingly, although the MiniCAM lggd population is lowest of the three
scenarios in 2100, it is the highest for the UT&e higher U.S. population in MiniCAM
compared to the other models can be traced taréiffeassumptions about net migration.

As discussed in Chapter 2, gross domestic prod:ioP(, while ostensibly an output of
all three of the participating models, is in faatgely determined by assumptions about
labor productivity and labor force growth, whicleanodel inputs. None of the three
modeling teams began with a GDP goal and derivedagenput factors that would
generate that level of activity. Rather, each nindéeam began with assessments about
potential growth rates in labor productivity antdaforce and used these, through
differing mechanisms, to compute GDP. In MiniCAllshor productivity and labor force
growth are the main drivers of GDP growth. In MEBRE&nd IGSM, savings and
investment and productivity growth in other fact(@gy., materials, land, and energy)
variously contribute as well. All three modelsiderabor force growth from the
underlying assumptions about population.

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

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

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

period to rates more associated with pre-indudirags.

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

--- BOX 3.1: Exchange Rates and Comparisons of Real Income among Countries ---
Models used in this type of exercise typically eg@nt the economy in real terms,
following the common assumption that inflation anathange-rate changes are purely
monetary phenomena that do not have real effdidie. models include none of the
phenomena that govern exchange rate determinatsbs@cannot project changes.
However, modeling international trade in goods nexgueither an exchange rate or a
common currency. Rather than separately modelagn@s in native currencies and use
a fixed exchange to convert currencies for tralde giguivalent and simpler approach is
to convert all regions to a common currency at agemarket exchange rates (MER) for
the base year of the model.

At the same time, it is widely recognized that gsmarket exchange rates to compare
countries can have peculiar implications. In histd data, country A might start with a
larger GDP than country B when converted to a commorency using that year’s
exchange rates, and grow faster in real termsBhaet could later have a lower GDP
than B using exchange rates in that year. Thiadmical result can occur if A’s
currency depreciated relative to B’s. Depreciadod appreciation of currencies by 20
to 50% over just a few years is common, and s@xiaple is not extreme. Interest in
making cross-country comparisons that are not stibgpesuch apparent peculiarities has
led to development of indices of international piagsing power. A widely used index is
purchasing power parity (PPP), whose developmestspansored by the World Bank.
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PPP-type indices have the advantage of being nt@ibéesover time and are thought to
better reflect relative living standards among d¢daes than MER. Thus, research that
draws comparisons among countries to understanel@@went and growth has found it
preferable to use PPP-type indices rather than MElRough the empirical foundation
for the indices has been improving, the theorytli@m remains incomplete, and thus
there is a limited basis on which changes in PPFbegorojected into the future. Some
hypothesize that differences close as real incaaps garrow, but the evidence for this
outcome is weak, in part due to data limitations.

Controversy regarding the use of MER arose arohaed®&pecial Report on Emissions
Scenarios (SRES) produced by the IPCC (NakiceramicSwart, 2001)because they
were reported to model economic convergence amoumgtiges, yet reported results in
MER. Assessing convergence implies a cross-cowatmyparison, but that would only
be strictly meaningful if MER measures were coeddbr a country’s real international
purchasing power. In developing the scenarioshisrexercise, there were no specific
assumptions made regarding convergence. Grow#peots and other parameters for
the world’s economies were assessed relative todia historical performance. The
models are parameterized and simulated in MERyiasst consistent with modeling of
trade in goods. To the extent GDP estimates anaged, readers are strongly cautioned
against making international comparisons; for exaemgven global GDP for an historical
period will differ if different years exchange ratare used.

-- END BOX --

With this historical experience as background,difierences among the models in per
capita income growth can be explained. With resfmethe developed countries, the
IGSM growth rate for the U.S. is about the averfagéNorth America for the period
1950-2000. The MiniCAM reference scenario assuanesnstant labor productivity
growth rate for the U.S., which is consistent watist World War Il historical patterns,
and combines that with demographic trends thatideln aging population pattern.
When the constant labor productivity growth assuompis combined with demographic
maturation, the result is a lower future rate avgth of GDP compared to history. U.S.
GDP growth rates in the MERGE reference scenadsanilar to those of the MiniCAM
reference scenario.

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

anticipate a break from the trend, that is, witlvdo growth in GDP as a consequence of
changes in underlying demographic trends. The @M demographic scenario

exhibits rapidly aging populations and a conseqgdentine in average labor force
participation, which, combined with a long-termntan labor productivity growth

(similar to that of the U.S.), yields lower growthGDP compared to the IGSM reference
scenario. The MERGE GDP growth pattern is sintdathat of MiniCAM.

The scenarios for developing regions show greatireinces from historical experience.
Notably, all three modeling groups show consisggatvth in many non-OECD regions
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at rates experienced by “industrializing” countriésowever, growth rates are not
homogeneous. There is consistently more optimisall ithree reference scenarios
regarding the prospects for China and India thamefigions such as Latin America and
Africa. The IGSM results for non-OECD regions shemmewhat less growth compared
to the MiniCAM and MERGE scenarios. These are qurs set of judgments about
growth prospects from each group and are not irtenol be expressions of what the
groups view as desirable growth rates. Clearlysenapid growth in developing
countries, if evenly distributed among income guuld be the basis for improving
the outlook for people in these areas.

3.3. Energy Use, Prices, and Technology

Global primary energy consumption expands dramésicaser the century in all
three reference scenarios, growing to between 3atahes its 2000 level of
roughly 400 EJ. This growth is the net result odage of forces, including
rising economic activity, increasing efficiencyeoiergy use, and changes in
energy consumption patterns. Growth in per-capitargy consumption occurs
despite a continuous decline in the energy intgradieconomic activity. This
improving energy intensity reflects, in part, asptions of substantial
technological change in all three reference scepsri

Fossil fuels provided almost 90% of the energy Bujpthe year 2000 and
remain the dominant energy source in all three ades throughout the twenty-
first century, despite a phase-out of conventigraioleum resources. In all
three reference scenarios, a range of alternatbgsif resources is available to
supply the bulk of the world’s increasing demandefeergy. Differing among the
scenarios, however, is the mix of fossil fuelse BISM reference scenario has
relatively more oil, and this oil is derived frorade; the MERGE scenario has
relatively more coal, with a substantial amountled increase used to produce
liquid fuels; and the MiniCAM scenario has relativenore natural gas.

In all three cases, the production from non-folgdl resources grows
substantially in comparison to today’s levels, feiag levels roughly 65 to 150%
of the total global level of energy consumptio2@®0. The scenarios differ in
the mix of non-fossil resources that emerges.llireterence scenarios, however,
the growth in non-fossil fuel use does not foréstabstantial growth in fossil fuel
consumption.

3.3.1L The Evolving Structure of Energy Use

Energy production is closely associated with emorssiof GHGs, particularly CO
because of the dominant role of fossil fuels. Feg8L3 shows global primary energy use
over the century and its composition by fuel typéhie three reference scenarios. Not
surprisingly, given the assumptions about econaroevth, all of the reference scenarios
show substantial growth in primary energy use: fapproximately 400 EJ/y in the year
2000 to between 1300 EJ/y and 1550 EJ/y by theoétids century. The result of a
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combination of the population growth and the depalents in energy structure is a
pattern of rising energy consumption per capitahasvn in Figure 3.4. All three models
project a growing per capita use, with the MiniCAlklbbwing the greatest increase over
time in the global total, and the IGSM model shayihe least change. For the U.S.,
because of differences in population scenariosganath rates, the relative ranking of
these growth rates is changed, with MERGE showhegtreatest increase and MiniCAM
the least.

Figure 3.3.  Global Primary Energy Use by Fuel aziRsference Scenarios

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

The growth in total and per capita primary energgstmption arises despite substantial
improvements in energy technology assumed in edktlscenarios. Figure 3.5 displays
the ratio of U.S. energy to GDP (energy intensitynputed for each of the three
reference scenarios. The ratio declines througth@utentury in all three reference
scenarios. These patterns are a continuatioreadxperience of energy-intensive change
in recent decades in the U.S., and a similar patpplies across other regions in the
three models. The important point here is thatehiegerence scenarios already
incorporate substantial technological improvemeihtsthe year 2100, each dollar of real
GDP can be produced with only half the energy useke year 2000 in the MERGE
reference scenario, and only 30% of the energygn®&SM and MiniCAM reference
scenarios.

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

As shown later in this chapter, this decline in UdSsil fuel and industrial CO
emissions intensity is insufficient to keep U.Sat& O, emissions from rising. Without
these assumed improvements in energy technologyeVver, energy demands and U.S.
fossil fuel and industrial C£emissions would be substantially higher in thenafice
scenarios. These same forces are at work in cegeons as well. Improvements in
energy-related technologies and shifts in the sacbmmposition of national economies
play an important role in limiting the growth ofssll fuel use and C{emissions in all
three reference scenarios.

For the global total, as for the U.S., energy comstion over the century remains
dominated by fossil fuels. In this sense, thedlseenarios tell a consistent story about
future global energy, and all three run counteéhtview that the world is running out of
fossil fuels. Although reserves and resourcesafentional oil and gas are limited in

all three reference scenarios, the same cannatitd@scoal and unconventional liquids
and gases. All three reference scenarios prdjattin the absence of constraints on
GHG emissions, the world economy will move fromreat conventional fossil resources
to increased exploitation of the extensive (if moostly) global resources of heavy oils,
tar sands, and shale oil, and to synfuels derik@a toal. The three scenarios project
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different visions of the ultimate mix of these steg. The IGSM reference scenario
exhibits a relatively higher share of oil produatigncluding unconventional oil); the
MERGE reference scenario exhibits a relatively argtpal share; and the MiniCAM
projects a higher share for natural gas.

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

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

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

The MiniCAM reference scenario depicts yet a tipogdsible transition. Again, it begins
with limited conventional oil resources leadinghigher oil prices. And, just as in the
IGSM reference scenario, the MiniCAM reference seenhas higher oil prices leading
to the development and deployment of technolodiiasdccess unconventional oil, such
as oil sands, heavy oils, and shale oils. Howaetsalso leads to expanded production of
natural gas and (just as in the MERGE scenariexpanded production of coal to
produce synthetic liquids.

Figure 3.3also reflects assumptions about the availabilitppefcost alternatives to
conventional fossil fuels. In all three scenarimm®)-fossil supplies increase both their
absolute and relative roles in providing energthtoglobal economy, with their share
growing to between 20 and 40% of total supply b§@1The growth is substantial. In
IGSM, the scenario with the lowest consumptionafifiossil resources, the magnitude
of total consumption of these resources in 21@5% the size of the total global primary
energy production in 2000, which is a 350% incraagbe level of production of non-
fossil energy. In MERGE, the scenario with thehieist contribution from non-fossil
resources, total consumption from these resourc2&00 is 150% of total primary
energy consumption in 2000. Despite this growth,dontinued availability of relatively
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low-cost fossil energy supplies, combined with aoumed improvements in the efficiency
with which they are used, results in fossil endiggyns remaining competitive
throughout the century.

The three reference scenarios tell different ssaai@out non-fossil energy (much of
which is covered below in the discussion of eledirigeneration). The IGSM reference
scenario assumes political limits on the expanesiamuclear power, so it grows only to
about 50 percent above of the 2000 level by 2H@wever, growing demands for
energy and for liquid fuels in particular lead he development and expansion of
bioenergy, both absolutely and as percentage alf poimary energy. Other non-biomass
renewable energy forms are assumed to lose theipetitive edge to competing
technologies.

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

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

policy. Nuclear power, therefore, increases maskere although not to the extent found
in the MERGE scenario. Non-biomass renewable grargplies become increasingly
competitive as well. In MiniCAM, bioenergy prodimt expansion in the reference
scenario is limited to the use of recycled wastekralatively little commercial biomass
farming.

The three scenarios for the U.S. are similar imattar to the global ones, as also shown
in Figure 3.3. The transition from inexpensive abdndant conventional oil to
alternative sources of liquid fuels and electricffects energy markets and patterns in
the U.S. However, energy demands grow somewha siowly in the U.S. than in the
world in general. As with the world total, the Ughergy system remains dominated by
fossil fuels in all three reference scenarios. {fussil energy forms expand their markets
both absolutely and as a fraction of total primamgrgy in the MERGE and MiniCAM
reference scenarios, but do not overtake fossiggres the major provider of primary
energy. Inthe IGSM reference scenario, non-fassrgy use remains roughly constant
and, thus, declines as a fraction of total primeargrgy consumption. This result follows
from a combination of assumptions about the s@weéptability of expanded nuclear
energy use and assessments about the relativarmbgerformance of competitors to
fossil fuels.

332 Trendsin Fuel Prices
From the late nineteenth century until the 197Gs]dvoil prices (in year 2004 dollars)

ranged between $15 and $20 per barrel. Figurpldts the experience from 1947
forward and clearly shows the big price increasgbé 1970s and early 1980s as a result
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of disruptions in the Middle East. In inflationjasted terms, prices declined to the
earlier levels of $15 to $20 in the latter haltloé 1980s and 1990s. The period 2000 to
2005 has again seen rising prices of oil and dtbe=il energy sources. Adding the past
few years of data to the series suggests the plitysiih a long-term trend toward rising
prices. Depletion alone would suggest rising @icecause of a combination of rents
associated with a limited resource and the exhausii easily recoverable grades of oil.
Global demand continues to grow, putting increagirggsure on supply. Opposing these
forces toward higher prices has been improvingrteldyy that reduces the cost of
recovering known deposits and facilitates discoery that makes recovery of
previously unrecoverable deposits economical.

Figure 3.6.  Long-Term Historical Crude Oil Prices

The models employ time steps of 5 to 15 years (3emter 2) so that numbers for a
given year should be interpreted as a multi-yearaye and, thus, are not set up to
project short-term variability in prices. The letegm trends they project are thus best
seen as multi-year averages.

The three scenarios paint similar but by no medestical pictures of future energy
prices. Figure 3.7 shows mine-mouth coal prickestecity producer prices, natural gas
producer prices for the U.S., and the world oiteri The scenarios by each model for all
four energy markets — oil, natural gas, coal aedtgkity — are shaped by the supply of
and demand for these commodities. They also &econnected because users of fuels
can substitute one fuel for another, and thus highees in one fuel market will tend to
increase demand for and the price of other fu@is markets are driven by the rising cost
of conventional oil and a burgeoning demand fauniticfuels to provide transportation
and other energy services. This demand can bénrmaetariety of ways in the three
models. In addition to limited conventional oitceirce grades, there also are grades of
oil, currently considered to be “unconventionahat are available in quantities that put
no meaningful limit on oil supply although they anere costly than conventional oil
supplies. Other supply options include liquidsivia from natural gas, coal, and/or
biological resources. These options are also mxpensive than conventional oil. The
oil price scenarios in the three models are thagdlult of the interplay between
increasing the demands for liquid fuels, the atdédechnology, and the availability of
liquids derived from these other sources.

Figure 3.7. Indices of Energy Prices across Reter&tenarios

Natural gas prices tell a similar story. Estimatkthe ultimately recoverable natural gas
resource vary, as does the cost structure of #muree, and this drives differences
among the models. Like the demand for oil, the @w®hfor natural gas grows, driven by
increasing population and per capita incomes. Akethe price of oil, the price of gas
tends to be driven higher in the transition fromxipensive, abundant conventional
resources to less easily accessible grades oésloeirce and to substitutes, such as gas
derived from coal or biological sources. The d#f® degrees and rates of escalation
reflect different technology assumptions in the¢hreference scenarios.
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Coal prices do not rise as fast as oil and nagaalprices in any of the three reference
scenarios. The reason is the abundance of thees@mlrce base. The different patterns
of coal price movement with time in the three sceEsareflect differences in assumptions
about the rate of resource depletion and techncddgnprovement in extraction. In the
MERGE reference scenario the race is won by tecgychnd in the IGSM reference
scenario by depletion of the highest quality resewgrades; in the MiniCAM scenario,
however, the race is a draw.

The stability of electricity prices compared witih@and natural gas prices is a reflection
of the variety of technologies and of fuels avdaaio produce electricity and their
improvement over time, and the fact that fuel & jpne component of the cost of
electricity. The fraction of electricity produceg coal is largest, and the fraction from
oil and natural gas is approximately one-quarteheftotal. Nuclear power and
renewable power provide significant shares of tptaler generation.

3.3.3. Electricity Production and Technology

The production of electricity results in more f6$30, emissions than any other activity
in the economy. Figure 3.8 shows electricity piaun — in units of electrical output,
not units of energy input — by generation typehi@ t).S. and the world. (For the world,
total production necessarily equals consumptiors. donsumption exceeds production,
however, because it is a net importer from Canadiag three scenarios exhibit a
steadily increasing production of electricity inthhéhe U.S. and the world although the
scale and generation mix differ among them. Afiidea growing role for coal.
Interestingly, the three show a similar use of @odhe global economy despite almost a
factor-of-two difference in coal use in the U.Sor¢ has a major role for oil.

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

There are, however, major differences across theasos in the use of other energy
forms. The IGSM scenario is dominated by coal,chtdaccounts for more than half of
all power production by the end of the twenty-ficehtury, a result consistent with its
limited growth in nuclear power. In contrast, MERGE scenario assumes that nuclear
energy penetrates the market based on econommrpenice, and non-biomass
renewable energy gains market share. Limits inmhgas lead to a peak and decline in
gas use in the first half of the century. The MIAM scenario shows yet another
possible development in power generation. Althocwgl supplies the largest share of
power, natural gas is relatively abundant and plesia significant portion, as do nuclear
and non-biomass renewable energy forms.

3.34. Non-Electric Energy Use

Figure 3.9 shows the reference scenario non-etesiergy use, and Figure 3.10 shows
the energy loss from conversion from fuel to eleitir. Note that Figure 3.8 shows
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electricity production resulting from a specifieefunot the energy content of the fuel
used to produce the energy. The difference betweetwo measures is conversion
losses. In Figure 3.10, the energy loss in theemmon from fuel to electricity is shown
to be 28.1 Quads in the year 2000 (1 Quad is équaD55 EJ) for the U.S., while the
energy content of the electricity is 12.3 Quadsergy not going into power generation
goes directly to final uses.

Figure 3.9.  Global and U.S. Primary Energy Consuimedon-Electric
Applications across Reference Scenarios

Figure 3.10. U.S. Energy Flow Diagram and Non-&ieal Energy Use for the
Year 2000

In the future, other transformation sectors mayb&eimportant and fundamentally
change energy-flow patterns. As already discudbedyotential exists for coal and
commercial biomass to be converted to liquids aaskg—a technology thus far
implemented only at a small scale. Furthermorelsfand electricity may be transformed
into hydrogen, creating fundamentally new branafdke system. Like electricity,
these new branches will have conversion losseshars® losses can be important. As a
result, it is important to realize that future saeos of non-electric use, shown in Figure
3.9, can involve significant conversion losses froon-electric fuel transformations.
Currently almost all conversion losses are in elgty so that non-electricity fuel use is
almost completely final energy use. This is paftady important to keep in mind when
examining non-electric energy use in the MERGErefee scenario, in which coal and
biomass goes into liquefaction and gasificatiom{gda To a lesser extent, these
conversions are also present in the MiniCAM andNE®enarios. Also, in the
MiniCAM and MERGE reference scenarios, some nuaeargy appears in non-
electricity uses to produce hydrogen. In the IG&M MiniCAM scenarios, oil use is the
largest single non-electric energy use, refleciirggpntinuing growth in demand for
liquids by the transportation sectors. In the MER®@ference scenario, increasingly
expensive conventional oil is supplanted by coalddiquids. This phenomenon also
has implications for energy intensity in that imypements in end-use energy intensity
can be offset in part by losses in converting prinfaels to end-use liquids or gases.

34. Land Useand Land-Use Change

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

All of the modeling groups consider the productudrbiofuels for energy. Both IGSM
and MiniCAM take account of the competition for smaland resources. MERGE takes
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the availability of biofuels as an exogenous inpaged on extra-model analysis.
Production of these crops is displayed in Figuld 3.The IGSM and MiniCAM figures
are based on somewhat different definitions, whictount for the difference in 2000.
IGSM reports only the production of modern enerngyps grown explicitly for their
energy content and sold in a formal market. MinMCAccounts for traditional biofuels
production, waste and residue-derived biofuels,emetgy crops grown explicitly for
their energy content. The waste-derived fuels atcaiways pass through formal
markets, as occurs in the pulp and paper indudtigmwvood waste is used for its energy
content.

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

Apparent differences among the models thus nebd tmnsidered in light of this
differential accounting. The MiniCAM results wiknd to be significantly higher,
especially in early years, because it is accourtadjtional biofuels explicitly whereas
the other models are not. For example, MiniCAMIdgp no commercial biomass
production in the U.S. in the form of energy crgpswn explicitly for their energy
content in the reference scenario. The IGSM refaxesgenario exhibits a growing
production of biofuels beginning after the year @02 levels similar to those in the
MERGE case. The IGSM deployment is driven prinydsy a real-world oil price that in
the year 2100 is 4.5 times the price in the ye@020dn contrast, MiniCAM, with its
lower long-term world oil price, provides insufferit incentive to grow bio-crops in the
reference scenario. However, MiniCAM does utibzeincreasing share of the
potentially recoverable bio-waste as a source efgn

Land use has implications for the carbon cycle e WGSM applies its component
Terrestrial Ecosystem Model with a prescribed sgerad land-use, and this land-use
pattern is employed in all scenarios. Thus, inlG8M scenarios, commercial biomass
production must compete with other agriculturahaies for cultivated land, but the
extent of cultivated land does not change from agerio scenario. Because the IGSM
net flux of land-use change is fixed, changes éét flux of carbon to the atmosphere
reflect the behavior of the terrestrial ecosystemesponse to changes in £0
fertilization and climatic effects that are consetewithin IGSM’s Earth-system
component. Taken together, these effects ledueto¢gative net emissions from the
terrestrial ecosystem shown in Figure 3.12, whmhtrasts with the neutral biosphere
assumed by the MERGE model.

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

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

3.5. Emissions, Concentrations, and Radiative Forcing

The growth in the global economy that is assumebemreference scenarios and
the changes in the composition of the global ensygyem lead to growing
emissions of GHGs over the century. Fossil fudl@ment emissions more than
triple over the study period in the reference scasa With growing emissions,
GHG concentrations are projected to rise substdiytiaver the twenty-first
century, withCO; rising to more than twice the year 2000 level (2-tb 3 times
the pre-industrial concentration). Increases ie ttoncentrations of the naD©,
GHGs are less dramatic but substantial nonetheld$® increase in radiative
forcing ranges from 6.5 to 8.5 Wiiinom the year 2000 level with the n@®,
GHGs accounting for about 20 to 30% of the instartaus forcing in 2100.

Moderating the effect on the atmosphere of anthgepec CQ emissions is the
net uptake by the ocean and the terrestrial biosphés atmospheric GQrows
in the reference scenarios, the rate of net uptakthe ocean increases as well.
Also, mainly through the effects of £€rtilization, increasing atmospheric
levels of CQ@spur plant growth and net carbon uptake by theetgrial
biosphere. Differences in scenarios of these &fiadhese models are in part a
reflection of variation among their sub-modelsta# tarbon cycle.

3.5.1. Greenhouse Gas Emissions
35.1.1. Calculating Greenhouse Gas Emissions

Emissions of C@are the sum of emissions from each of the diffefesl types, and, for
each type, emissions are the product of a fueliipeenissions coefficient and the total
combustion of that fuel. Exceptions to this treaitoccur if a fossil fuel is used in a
non-energy application (e.g., as a feedstock fastm), in which case an adjustment is
made to the accounts, or if the carbon is captanetistored in isolation from the
atmosphere. All three of the models assume thiadnldy of carbon-capture/storage
technologies and treat the leakage from such stamagero during the study period. The
capture and storage of G@cur costs additional to the generation processhey are

not undertaken in the reference scenarios.

Although bioenergy such as wood, organic waste stiraav are hydrocarbons like the
fossil fuels (only much younger), they are treasdf their use had no net carbon release
to the atmosphere. Of course, any fossil fuelsl us¢heir cultivation, processing,
transport, and refining are accounted for. Nucéeda non-biomass renewables, such as
wind, solar, and hydroelectric power, have no dif&0, emissions and are given a zero
coefficient. Like bioenergy, emissions associatéti the construction and operation of
facilities are accounted with the associated engjtsource.
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The calculation of net emission from terrestriad®stems, including land-use change, is
more complicated, and each model employs its oalmigue. The IGSM model
employs the Terrestrial Ecosystem Model, which ssate-of-the-art terrestrial carbon-
cycle model with a detailed, geographically disagated representation of terrestrial
ecosystems and associated stocks and flows of carthe land. The IGSM scenario,
therefore, incorporates fluxes to the atmosphegedsgiamic response of managed and
unmanaged terrestrial systems to the changes ilithate and atmospheric

composition.

MiniCAM builds its net terrestrial carbon flux bymming both emissions from changes
in the stocks of carbon from land-use change aatmtiwvith human activities and the
natural system response, represented in the redagederrestrial carbon module of
MAGICC. As noted above, the MiniCAM model emplaysimpler reduced-form
representation of terrestrial carbon reservoirsfangs; however, its scenario is fully
integrated with its agriculture and land-use mogdwleich in turn is directly linked to
energy and economic activity in the energy portbthe model.

Fossil fuel CQ emissions are relatively simple to calculate amedfally endogenous to

all three models, but non-G@GHG emissions are more difficult. G@®missions are
determined by energy use, which in turn is systeraly coupled to the rest of the
economy. In contrast, non-GGHGs often have some more narrowly defined human
activity with which they are associated, e.g.,uiBe of solvents, which does not
necessarily move in a well-defined relationshiphwiite rest of the economy. Non-€0O
GHGs can also be associated with highly variablssions coefficients, as, for example,
in the case with methane release from incompletebcstion. Emissions of other GHGs
are thus developed using a variety of techniquiesome instances, emissions are
determined by endogenously computing some speficropogenic activity, for
example, ruminant livestock herds, along with & of the core elements of the
scenario and applying an emissions coefficienietdythe scenario’s reference emission.
In other instances, a scenario is developed “off“liand is computationally independent
of the model although directly linked to the refeze scenario. Details on these
approaches are included in the earlier referenapéns that document these models.

35.1.2. Reference Scenarios of Fossil Fuel CO, Emissions

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

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

June 26, 2006 3-16



OCoO~NOOUIDE WNPE

CCSP Product 2.1, Part A Draft for Public Comment

Substantial increases in total energy use withriitlie decline in carbon intensity
(Figure 3.13) lead to the substantial increas&3dp emissions per capita (Figure 3.14)
and in global totals (Figure 3.15). Emissions @L@om fossil fuel use and industrial
processes increase from roughly 7 GtCly to betv2@eand 24 GtC/y by 2100. This set
of emissions is higher than in many earlier studigsh as 1S92a, where emissions were
20 GtCly (Leggett et al. 1992). The model scersaai@ closer in their emissions
estimates to the higher scenarios in the IPCC &pRBeport on Emissions Scenarios
(Nakicenovic and Swart 2000), particularly thosduded under the headings Alf and
A2.

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

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

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

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

In contrast, the MERGE scenario assumes that lgeene primarily from coal, a fuel
that is more broadly distributed around the wohlaint unconventional oils. MERGE also
exhibits higher rates of labor productivity in then-Annex | nations than the IGSM
reference scenario. Finally, MERGE has a greaployment of nuclear generation,
leading to generally lower carbon-to-energy ratiesrall. These three features combine
to produce lower Annex | emissions and higher nom&x | emissions than in the IGSM
reference scenario.

! Annex | is defined in the Framework ConventionGimate Change (FCCC). However, since the FCCC
entered into force, the Soviet Union has broken Aip.a consequence, some of the republics of ttmadio
Soviet Union are now considered developing natams do not have the same obligations as the Russian
Federation under the FCCC. Thus, strictly spegkimgaggregations employed by the three modeling
teams may not precisely align with the presentifgamtof the world’s nations. However, the quaatiite
implications of these differences are relativelydest.
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The MiniCAM reference scenario has Annex | emissisimilar to those of MERGE, but
higher non-Annex | fossil fuel and industrial €@missions, at least in part because
MiniCAM has an aggregate carbon-to-energy ratio tises steadily over time.

The range of global fossil fuel and industrial £g€nissions across the three reference
scenarios is relatively narrow compared with theeautainty inherent in such scenarios.
While it is beyond the scope of this exercise todiet a formal uncertainty or error
analysis, both higher and lower emissions trajéesazould be constructed.

There are at least two approaches to developiegsilde context in which view these
scenarios. One is to compare them with othersymed by analysts who have taken on
the same or a largely similar task. The literatumeemissions scenarios is populated by
hundreds of scenarios of future fossil fuel andustdal CQ emissions. Figure 3.17
gives some sense of what earlier efforts have medialthough they should be used with
care. First, many were developed at earlier tism@smay be significantly at variance
with events as they have already unfolded. Alsceffort was undertaken in this
collection to weight scenarios for the quality ofderlying analysis. Scenarios for which
no underlying trajectories of population or GDP available are mixed in with efforts
that incorporate the combined wisdom of a largente&interdisciplinary researchers
working over the course of years. Moreover, itas clear that the observations are
independent. The clustering of year 2100 fos®il &nd industrial C®emissions around
20 PgCly (20 GtCly) in both the pre- and post-IPR@d Assessment Report (TAR)
time-frames coincides closely with the IPCC IS9@ansirio (Leggett et al. 1992). Many
later scenarios were simply tuned to it, and sahaténdependent assessments. For these
reasons and others, looking to the open literataneprovide some information, but that
information is limited and blurred.

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

Another approach to provide a context is systemataertainty analysis. There have
now been many such analyses, including efforts bgdNaus and Yohe (1983), Reilly et
al. (1987), Manne and Richels (1994), Scott et28100), and Webster et al. (2002).These
studies contain many valuable lessons and insigkas the purposes of this exercise, one
useful outcome is an impression of the positioarof one scenario within the window of
futures that might pass a test of plausibility.s@useful is the way that the distribution

of outcomes is skewed upwards—an expected outcdme wne considers that many
model inputs, and indeed emissions themselvegomsrained to be greater than zero.
Naturally, these uncertainty calculations preskairtown problems as well (Webster
2003).

3.5.1.3.  Future Scenarios of Anthropogenic CH4 and N,O Emissions
The range of emissions for Gldnd NO is wider than for Cg) as can be see in Figure

3.18. The MERGE and MiniCAM base-year emissiomssamilar. In the IGSM
reference scenario, methane emissions are higltlee ipear 2000 than in the other two,
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reflecting an independent assessment of histegitadsions and uncertainty in the
scientific literature regarding even historic enugs. Note that the IGSM has a
correspondingly lower natural methane source (fvegtiands, termites, etc.) that is not
shown in Figure 3.18, balancing the observed cdanaton change, rate of oxidation,
and natural and anthropogenic sources.

Figure 3.18. Global ClHand NO Emissions across Reference Scenarios

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

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

3.5.1.4. Future Scenarios of Anthropogenic F-Gas Emissions

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

gases,” which refers to a compound that is commdhdm, fluorine. Several are
replacements for the chlorofluorcarbons that haaenlphased out under the Montreal
Protocol. They are usefully divided into two grsup group of hydroflurocarbons
(HFCs), most of which are shorter-lived, and thegliived perfluorocarbons (PFCs) and
sulfur hexafluoride (S§. Figure 3.19 presents the reference scenandbdége gases.
IGSM and MiniCAM show strong growth in the shortdd species, while MERGE
projects about half as much growth over the centlitye models also differ in their
expectations for the long-lived gases. PFCs aed irssemiconductor production and
are emitted as a byproduct of aluminum smeltingy ttean be avoided relatively cheaply.
Emissions from the main use of Sk electric switchgear can easily be abated by
recycling to minimize venting to the atmospherénc8 these long-lived gases can be
avoided, IGSM and MiniCAM project limited growth@v in the absence of climate
policy. However, MERGE sees a strong increaseedrin part by its growing electric
sector.

Figure 3.19  Global Emissions of Short-Lived and gdrived F-Gases across
Reference Scenarios

3.5.2 The Carbon Cycle: Net Ocean and Terrestrial CO, Uptake

The stock of carbon in the atmosphere at any tseiermined from an initial
concentration of Cg) to which is added anthropogenic emissions frossifduel and
industrial sources, and from which is subtractedd®@ transfer from the atmosphere to
the ocean and terrestrial systems. These threegses are differently represented in the
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three models, yet their results show a remarkabiyta relationship between cumulative
fossil fuel and C@concentrations in the atmosphere.

The reference scenarios display increasing ocetakef CQ, shown in Figure 3.20 for
MiniCAM and IGSM. Ocean uptake reflects model nadbms that become
increasingly active as G@ccumulates in the atmosphere. The IGSM refersoeeario
has the least active ocean, reflecting a threequbsmeal representation that displays less
uptake as water temperatures anc &®els in its surface layer rise, partly as a Itesiu
slow mixing into the deep ocean. MiniCAM show®sd pronounced slowing of ocean
uptake.

Figure 3.20. C@Uptake from Oceans across Reference Scenarios

As discussed above, the net transfer of @&m the atmosphere to terrestrial systems
includes many processes such as deforestationt{\ttainsfers carbon from the land to
the atmosphere), uptake from forest re-growth,thedet effects of atmospheric €O
and climate conditions on vegetation. As notetleraMERGE employs a neutral
biosphere: by assumption its net uptake is zerb pribcesses that store carbon, assumed
to just offset those that release it. IGSM andiAM employ active terrestrial
biospheres, which on balance remove carbon fronattnesphere, as shown in Figure
3.12. Both the MiniCAM and the IGSM reference sr@ws display the net effects of
deforestation, which declines in the second hathefcentury, combined with terrestrial
processes that accumulate carbon in existing tealeeservoirs. The IGSM reference
scenario also includes feedback effects of changlintate.

35.3. Greenhouse Gas Concentrations

Radiative forcing is related to the concentratioh&HGs in the atmosphere and not their
annual emissions rates. The relationship betweesstons and concentrations of GHGs
is discussed in Box 3.2. The concentration of gjéisat reside in the atmosphere for long
periods of time, decades to millennia, is thus notweely related to cumulative
emissions than to annual emissions. In partictis,is true for C@ the gas responsible
for the largest contribution to radiative forcinghis relationship can be seen for 00
Figure 3.21, where cumulative emissions over the@e€000 to 2100, from both the
reference scenario and the four stabilization stesiaare plotted against the €O
concentration in the year 2100. The resulting gaobughly linear and similar across the
models, despite the fact that the underlying preegshat govern the relationship
between emissions and concentrations are far noong@lex, involving both terrestrial

and ocean non-linear processes, and are represéfiezdntly in the three modeling
systems. This basic linear relationship also htwdether long-lived gases such agN
and Sk and the long-lived F-gases.

Figure 3.21. Relationship between Cumulative, E@issions from Fossil Fuel
Combustion and Industrial Sources, 2000-2100, anab&pheric
Concentrations across All Scenarios
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GHG concentrations rise substantially in all threference scenarios. As shown in
Figure 3.22, C@concentrations increase from 370 ppmv in year 20®mewhere in

the range of 700 to 875 ppmv in 2100. The pre-siw concentration of COvas
approximately 280 ppmv. While all three refereacenarios display the same increasing
pattern, by the year 2100 there is a differencappiroximately 175 ppmv among the
three scenarios. This difference has implicatfonsadiative forcing and emissions
mitigation (discussed in Chapter 4).

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

Projected increases in the concentrations of tmeCG©, GHGs are substantial even
though they vary across the models. The MiniCARMmence concentrations of Gldnd
N,O are on the low end of the range, reflecting agdioms discussed above about use of
methane for energy. The IGSM reference scenadegts the highest concentration
levels for all of the substances. The differenoainly reflect the anthropogenic
emissions of the three reference scenarios alththeghalso result in part from the way
each model treats natural emissions and sinkfiéogases. IGSM includes climate and
atmospheric feedbacks to natural systems, whidht@nesult in an increase in natural
emissions of Ckland NO. Also, increases in other pollutants generahgthen the
lifetime of CH, in IGSM because the other pollutants deplete tihsphere of the
hydroxyl radical (OH), which is the removal mectsamifor CH,. These feedbacks tend
to amplify the difference in anthropogenic emissiexhibited by the models.

The projected concentrations of the short-lived lang-lived F-gases are also presented
in Figure 3.22. MERGE projects slightly higher sgions than IGSM for the short-lived
gases, with the roles of the two models reversetholong-lived species. These
differences then appear in the relative estimatéseoresulting atmospheric
concentrations. Indeed, for the long-lived spea@een a very small addition to
emissions in the period 2020 to 2080 leads the I@8Mentration to rise far above that
projected by MERGE over a 100-year time horizon.

3.5.4. Radiative Forcing from Greenhouse Gases

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

The three models display essentially the sameoaktiip between GHG concentrations
and radiative forcing. However, the three refeeesienarios also all exhibit higher
radiative forcing, growing from 2.2 W/no between 6.6 and 8.6 W/tbetween the
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years 2000 and 2100. (See Chapter 4 for a dismus$ithe consequences of limiting
radiative forcing.) Given that radiative forciraygets are fixed at four different levels in
the stabilization scenarios, the differences canglications that will reverberate
throughout the analysis.

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

the future, as shown in Figure 3.23. From pre-gtidal times to the present, the non-
CO, gases examined here contribute about 32% of tireaed forcing. In the IGSM
reference scenario, the contribution of the non-G&ses falls slightly to about 26% by
2100. The MiniCAM reference scenario includesditidditional increase in forcing for
non-CQ gases, largely as a result of assumptions regatdencontrol of methane
emissions for non-climate reasons, and thus hasdhare falling to about 18% by 2100.
The MERGE reference scenario is intermediate, thighnon-CQ contribution falling to
about 24%.

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

From the results above it can be seen that the tieference scenarios contain many
large-scale similarities. All have expanding glodaergy systems, all remain dominated
by fossil fuel use throughout the twenty-first aewt all generate increasing
concentrations of GHGs, and all produce substaimiaéases in radiative forcing. Yet
these scenarios differ in many of details, rangiogn demographics to labor

productivity growth rates to the composition of eyyesupply to treatment of the carbon
cycle. These scenario differences shed light gromant points of uncertainty that arise
for the future. In Chapter 4, they will also bes¢o have important implications for the
technological response to limits on radiative fogei
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Table 3.1. Population by Region across M odels, 2000-2100 (millions)

IGSM Population by Region (million)

2000 2020 2040 2060 2080 2100
USA 283 334 379 396 395 393
Western Europe 390 388 369 331 302 289
Japan 127 126 116 113 118 119
Former Soviet Union 291 278 260 243 234 230
Eastern Europe 97 91 83 74 67 64
China 1282 1454 1500 1429 1365 1334
India 1009 1291 1503 1610 1635 1644
Africa 793 1230 1749 2163 2390 2500
Latin America 419 538 627 678 701 713
Rest of the World 1366 1848 2269 2521 2614 26492
MERGE Population by Region (millions)
Region 2000 2020 2040 2060 2080 2100
US.A 276 335 335 335 335 335
Western Europe 390 397 397 397 397 397
Japan 127 126 126 126 126 126
Eastern Europe | 414 393 393 393 393 393
Former Soviet Union
China 1275 1429 1478 1493 1498 1499
India 1017 1312 1427 1472 1489 1496
Africa
Latin America 2566 3538 4209 4677 5003 5228
Rest of World
MiniCAM Population by Region (millions)
Region 2000 2020 2040 2060 2080 2100
US.A 283 334 371 396 412 426
Western Europe 457 486 481 456 421 399
Japan 127 127 121 113 103 95
Eastern Europe 124 119 111 100 87 80
Former Soviet Union 283 284 283 275 261 253
China 1385 1578 1591 1506 1407 1293
India 1010 1312 1472 1513 1443 130(
Africa 802 1197 1521 1763 1893 1881
Latin America 525 670 786 869 929 952
Rest of World 1055 1454 1779 1976 2017 191B
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Table 3.2. Reference GDP for Key Regions (trillions of 2000 U.S. $, MER), 2000-2100. This
table reports GDP for all regions of the globe, &xtounts for inconsistency in regional
aggregations across models. Note that while resgane generally comparable, slight differences
exist in regional coverage, particularly in aggtegagions. (Note that IGSM is in 1997%)

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

2000 2020 2040 2060 2080 210(

USA 9.1 16.9 29.3 44.4 59.8 76.4
Western Europe 9.2 15.8 27.0 41.5 57.p 74)2
Japan 4.4 7.5 13.8 21.8 30.0 38.¢
Former Soviet Union 0.6 1.4 2.9 4.8 7.2 10.?
Eastern Europe 0.3 0.6 1.2 2.1 3.3 4.9
China 1.2 3.3 6.9 12.8 19.9 28.9
India 0.5 1.1 2.0 3.3 5.2 8.0
Africa 0.6 1.3 2.0 3.3 5.0 7.4
Latin America 1.6 3.0 6.3 11.5 18.0 25.9
Rest of the World 4.4 8.6 14.9 23.9 35.3 49.p
MERGE GDP by Region (trillions of 2000 U.S. $, MER)

Region 2000 2020 2040 2060 2080 210p
U.S.A 9.8 16.1 21.0 26.8 33.1 39.6
Western Europe 9.8 14.4 19.9 26.9 35.0 43]6
Japan 4.6 6.0 7.7 9.6 11.7 13.9
Eastern Europe 1.0 1.9 36 6.6 12.0 20.4
Former Soviet Union

China 1.2 3.1 7.4 17.3 38.5 78.7
India 0.5 1.5 3.6 8.3 18.5 39.2
Africa

Latin America 5.2 12.4 24.5 45.3 79.8 135.3
Rest of World
MiniCAM GDP by Region (trillions of 2000 U.S. $, Mg

2000 2020 2040 2060 2080 210(

USA 9.9 15.1 21.2 29.0 39.1 53.0
Western Europe 11.4 14.8 17.8 21.4 25.90 31|6
Japan 4.4 5.4 6.5 7.9 9.4 11.]
Former Soviet Union 0.6 1.3 2.3 3.9 6.2 9.8
Eastern Europe 0.4 0.6 1.1 1.9 3.1 5.3
China 1.3 4.1 10.0 17.9 29.5 43.1
India 0.6 2.0 5.8 12.8 23.4 38.4
Africa 0.7 1.3 2.2 4.1 8.0 14.2
Latin America 2.0 3.3 5.1 9.0 16.3 27.4
Rest of the World 3.8 7.5 14.2 25.1 40.7% 60.8
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Table3.3. Historical Annual Average Per Capita GDP Growth Rates

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

1820 1870 1913 1950 1973 2001
North America 0.34 1.41 1.81 1.56 2.45 1.84
Western Europe 0.14 0.98 1.33 0.76 4.05 1.88
Japan 0.09 0.19 1.48 0.88 8.06 2.14
Eastern Europe 0.10 0.63 1.39 0.60 3.81 0.68
Former U.S.SR 0.10 0.63 1.06 1.76 3.35 -0.96
Africa 0.00 0.35 0.57 0.92 2.00 0.19
Latin America 0.16 -0.03 1.82 1.43 2.58 0.91
China 0.00 -0.25 0.10 -0.62 2.86 5.32
India -0.01 0.00 0.54 -0.22 1.40 3.01
Other Asia 0.01 0.19 0.74 0.13 3.51 2.42
World 0.05 0.54 1.30 0.88 2.92 141
Source: Maddison, 2001
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Figure3.1. World and U.S. Population across Refer ence Scenarios. Assumed growth in

global and U.S. population is similar among the¢hmodels. The global population level in
2100 spans a range from about 8.5 to 10 billiohe ©.S. population level in 2100 spans a range
from about 350 to 425 million.
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Figure 3.2. U.S. Economic Growth across Reference Scenarios. U.S. economic growth is
driven in part by labor force growth, and in paytassumptions about productivity growth of
labor and other factors such as by savings angdiment. Projected annual average growth
rates are 1.4% for MERGE, 1.7% for MiniCAM, and%.@or IGSM. By comparison, U.S. real
GDP grew at an annual average rate of 3.4% fromd-P22®4 (Economic Report of the
President, CEA 2005).
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Figure 3.3. Global Primary Energy by Fuel across Reference Scenarios (EJ/y). Global total
primary energy use is projected in the referenagadav by 3.5 to 4 times, while U.S. primary
energy use is projected to grow by 2 to 2.5 timesssil fuels remain a major source. Note that
oil includes that derived from tar sands and staaié, that coal use includes that used to produce

synthetic liquid and gaseous fuels.
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Figure 3.4. Global and U.S. Primary Energy Consumption per Capita across Reference
Scenarios (gigajoules per capita). All three models project growing per capita agenergy

for the world as whole and for the U.S. Howeveereafter 100 years of growth, global per
capita energy use is projected to be about %2 ofuhent U.S. level.
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Figure 3.5. U.S. Primary Energy Intensity: Consumption per Dollar of GDP across
Reference Scenarios (Index, Year 2000 Ratio = 1.0). United States total primary energy

consumption per dollar of GDP is projected to amwni to decline. Recent experience is a rate of

decline of about 14% per decade. IGSM projectteaf decline of about 12%, MiniCAM
about 8%, and MERGE about 6.5% per decade.
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Figure 3.6. Long-term Historical Crude Oil Prices. Crude oil prices have historically been
highly variable, but over the period 1947-2004 ¢happeared to be a slight upward trend.
(Figure courtesy of James Williams, WTRG Economics)
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Figure 3.7. Indices of Energy Prices acr oss Reference Scenarios (Indexed to 2000 = 1).
Projected energy prices through 2100, indexed &02000=1.0, show a wide range among the
models but generally show a rising trend relatovescent decadal averages. MERGE price
projections are intermediate—by 2100 the crud@ide is about that observed in 2005 (3 times
the 2000 level). MiniCAM generally projects theviest prices, with the projected crude oil
price about 2.5 times 2000 levels in 2100, someWwkktw the level reached in 2005. IGSM
projects the highest prices, which for crude otbwd be about 50 to 60% higher in 2100 than
the price level of 2005.
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Figure 3.8. Global and U.S. Electricity Production by Sour ce acr oss Refer ence Scenarios

(EJly). Global and U.S. electricity production show d¢oaéd reliance on coal, especially in the
IGSM projections, which limits nuclear productioedause of policy and siting issues. MERGE
and MiniCAM find that nuclear is economically contiige; they also project a larger role for

other non-carbon sources and greater use of @i¢gioverall compared with IGSM.
Differences among the models for the world are onéd in differences for the U.S.
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Figure 3.9. Global and U.S. Primary Energy Consumed in Non-Electric Applications across
Reference Scenarios (EJ/y). Non-electric energy use also remains heavily deest on fossil
fuels with some penetration of biomass energym&ty energy is reported here, and the

resurgence of coal in the projections is becausts ofse to produce synthetic liquids or gas.
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Figure 3.10. U.S. Energy Flow Diagram and Non-Electrical Energy Use for the Year 2000.
Primary energy is transformed into different enecgyriers that can easily be used for specific
applications (e.g., space conditioning, light, amethanical energy), but in the process losses
occur. Of the 98.5 quads of primary energy usetienJ.S. in the year 2000, only an estimated
34.3 quads were actually useful. Each of the nsode¢d in the study represents such
conversion processes. Assumptions about efficienpyovements in conversion and end-use
are one of the reasons why energy intensity peaidof GDP is projected to fall.

U.S. Energy Flow Trends — 2000 I
Net Primary Resource Consumption 98.5 Quads g

Electrical imports* 0.1

Nuclear 8.0 B Distributed
electricity 12.3

Hydro2.8 3.0

Electricity

mports 0.3 e generation g.q Electrical system
Biomass/ 40.4 " energy losses polected
other** 3.7 L o wmy
4 - 57.8

213

6.5
e Residential/
tNatural gas w7 Commercial AN
3 19.7 19.3

/ }\' I T1
145 yseful

H energy| |
14'|5 34.3

Industrial

, 5.3

U.S. petroleum z 2 .
and NGPL 15.0 % ; - . =

é / ,// Tran_spor-

1 25.7 tation

Imports ] 26.6
L 23.8 || /
Bal. no. 1.3="
December 2001

Source: Production and end-use data from Energy Information Administration, Annual Energy Review 2000 Lawrence Livermore
*Net fossil-fuel electrical imports National Laboratory

**Biomass/other includes wood and waste, geothermal, solar, and wind.

June 26, 2006 3-34



CCSP Product 2.1, Part A Draft for Public Comment

Figure3.11. Global and U.S. Production of Biomass Ener gy acr oss Refer ence Scenarios
(EJdly). The MiniCAM scenario includes traditional as st commercial biomass and thus
shows significant use in 2000. IGSM and MERGE exbf model only commercial biomass
energy beyond that already used. Globally, botBNtGand MERGE show more biomass than
does MiniCAM toward the end of the century. In goocases, biomass is reported as a liquid
fuel equivalent so that the total biomass productiould be 2.5 to 3 times this level, accounting
for conversion losses.
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Figure 3.12. Global Net Emissions of CO, from Terrestrial Systems Including Net

Defor estation acr oss Reference Scenarios (GtC/y). Global net emissions of G@&om

terrestrial systems, including net deforestatitwoys that MiniCAM and IGSM have a slight net
sink in 2000 that grows over time due to reducddréstation and carbon dioxide fertilization of
plants. MERGE assumes a neutral terrestrial syste
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Figure 3.13. Global and U.S CO, Emissions from Fossil Fuel Combustion and Industrial

Sour ces Relativeto Primary Energy Consumption (GtC/exajoule). CGO; intensity of energy
use shows relatively little change in all three mlsdreflecting the fact that fossil fuels remain
important sources of energy. Potential reductiortee CQ intensity of energy from more
carbon-free or low-carbon energy sources is offget move to more carbon-intensive shale oil

or synthetics from coal.

Global CO; Emissions per Primary Energy U.S. CO,; Emissions per Primary Energy

DG Global CO2 Emissions per Unit Energy ook U.S. CO2 Emissions per Unit Energy
0.020 ’//'\ 0.020 4
——— %
[ — o e ——
S 0.015 4 e S 0.015 -
o o
T T
x x
2 2
9 0.010 - 2 0.010 -
G G
——IGSM_REF ——IGSM_REF
0.005 4 =—MERGE_REF 0.005 4 ——=MERGE_REF
———MINICAM_REF ———MINICAM_REF
0.000 ; : : : : : : : : 0.000 : : : : : : : : :
2000 2020 2040 2060 2080 2100} 2000 2020 2040 2060 2080 2100
Year Year

June 26, 2006 3-36



CCSP Product 2.1, Part A Draft for Public Comment

Figure3.14. World and U.S. CO, Emissions per Capita across Reference Scenarios (Metric
Tonnesper Capita). All three models project growing per capita foésél and industrial C®
emissions for the world as a whole and for the UHBwever even after 100 years of growth,
global per capita CQemissions are slightly less than %2 of the curteft level in the three
scenarios.
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Figure 3.15. Global Emissions of CO, from Fossil Fuelsand Industrial Sources (CO, from
land use change excluded) acr oss Reference Scenarios (GtCly). In the absence of climate
policy, all three models project increases in glamissions of C@from fossil fuel combustion
and other industrial sources, mainly cement pradoctBy 2100, reference emissions reach
nearly 25 GtC. Note that G@rom land-use change is excluded from this figure.
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Figure 3.16. Global Emissions of Fossil Fuel and Industrial CO, by Annex | and Non-

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

in emissions in Non-Annex | regions after thattlsat their emissions are on the order of twice
the level of Annex | by 2100. IGSM does not shamtmued divergence, due in part to
relatively slower economic growth in Non-Annex giens and faster growth in Annex | than the
other models. IGSM also shows increased emisgimAsnex | as those nations become
producers and exporters of shale oil, tar sandbssgnthetic fuels from coal.
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Figure 3.17. Global Fossil Fuel and Industrial Carbon Emissions. Historical Development
and Scenarios (GtCly). The 284 non-intervention scenarios published lee2®01 are included
in the figure as the gray-shaded range. The “sgaghees are an additional 55 non-
intervention scenarios published since 2001. Teical bars on the right-hand side indicate
the ranges for scenarios since 2001 (labeled “pAR non-intervention”) and for those
published up to 2001 (“TAR+preTAR non-interventipn'Sources: Nakicenovic et al. (1998),
Morita and Lee (1998) and http://www-cger.nies jgfager-
el/db/enterprise/scenario/scenario_index_e.html, and
http://ilasa.ac.at/Research/TNT/WEB/scenario_da@lbdm!]
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Figure 3.18. Global CH4 and N,O Emissions acr oss Reference Scenarios (Mtonnesly).
Projections of global anthropogenic emissions of, @l NO vary widely among the models.
There is uncertainty in year 2000 ¢émissions, with IGSM ascribing more of the emissito
human activity and less to natural sources. Defiees in projections reflect, to a large extent,
different assumptions about whether current enmssrates will be reduced significantly for
other reasons, for example, whether higher nagasiprices will stimulate capture of Cfér

use as a fuel.
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Figure 3.19. Global Emissions of Short-Lived and Long-Lived F-Gases (ktonnesly). Global
Emissions of High HFCs and others (PFCs angldggregated)
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Figure 3.20. CO, Uptake from Oceans acr 0ss Refer ence Scenarios (GtCly, Expressed in
Termsof Net Emissions). The ocean is a major sink for @OIn general, as concentrations rise,
the ocean sink rises, but the IGSM results thdtideca three-dimensional ocean suggest less
uptake and, after some point, little further inse& uptake even though concentrations are
rising. The MiniCAM results show some slowing @ean uptake although not as pronounced.
Overall uptake is greater even though concentrat{see Figure 3.20) for MiniCAM are
somewhat lower than for the IGSM.
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Figure 3.21. Relationship between Cumulative CO, Emissions from Fossil Fuel

Combustion and Industrial Sources, 2000-2100, and Atmospheric Concentrations of CO,
across All Scenarios. The relationship between cumulative carbon emissand atmospheric
concentration shows that, despite differences m the carbon cycle is handled in each model,
the models have a very similar response in ternt®otentration level for a given level of
cumulative emissions, as all models lie on essgntissingle line. (Note that the cumulative
emissions do not include emissions from land uskel@md-use change.)
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Figure 3.22. Atmospheric Concentrations of CO,, CHy4, N2O, and F-gases acrossthe

Reference Scenarios (UnitsVary). Differences in concentrations for @H,, and NO

across the three models’ reference projectionsgedlifferences in emissions and treatment of
removal processes. By 2100, projected, C@ncentrations range from about 700 to 900 ppmv;
projected CH concentrations range from 2000 to 4000 ppbv; ptegeNO concentrations

range from about 380 to 500 ppbv.
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Figure 3.23. Radiative For cing by Gas acr oss Refer ence Scenarios (W/m?). The
contributions of different greenhouse gases tceia®ed radiative forcing through 2100 show

CO, accounting for more than 80% of the increasedrigrirom preindustrial for all three
models. The total increase ranges from aboutds85 W/nf above pre-industrial levels.
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