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Abstract

This report documents a scenario analysis expldhiagole of advanced technology in stabilizing
atmospheric greenhouse gas concentrations. Thgséalas conducted by staff members of Pacific
Northwest National Laboratory (PNNL), working priritg at the Joint Global Change Research Institute,
in support of the U.S. Climate Change Technologyghrm'’s (CCTP’s) strategic planning process.

The conceptual framework for the analysis is aoéétree broad classes of advanced technologydsjfur
developed by PNNL for the CCTP. Each of these ekas$ futures qualitatively describes a set of
technological developments and associated posigbifor technology deployment over theé'2&ntury
that could lead to stabilization of atmosphericegigouse gas concentrations. The three classes diffe
from one another in the way that energy supplynetdyies are assumed to improve and be deployed
over the coming century. One class envisions tbstt-effective carbon capture and storage technegogi
are successfully developed, allowing for low-carlige of fossil fuels. Another class envisions a
transition over the century toward renewable ardear energy sources. A third final class envisithes
development of new, breakthrough technologies sisdinusion and novel biomass and solar-energy
systems, leading to their deployment in the sedwiiof the century. All the three classes alsdude
advances in a range of technological areas reléwatiimate change, including non-g@eenhouse gas
mitigation technologies, technologies for sequasfectarbon in terrestrial systems such as agriralltu
soils, and improvements in energy end-use techredo@hese generic classes of futures, withoutispec
technology assumptions, serve as a framework terpreting past analyses and for conducting further
CCTP analysis activities.

PNNL then constructed specific, illustrative exaagbf each advanced technology future within an
integrated assessment model called MiniCAM. In atiaion with the CCTP and CCTP working groups,
PNNL developed specific model assumptions for edc¢he three technology futures and then analyzed
the energy, emissions, and economic implicatiorthede technology assumptions for stabilizing the
long-term, combined radiative-forcing effects oftan dioxide (C@), nitrous oxide (MNO), methane
(CHy), and a set of fluorine-containing industrial chesis known as F-gases. Each of the three sets of
advanced technology assumptions were explored dadegreenhouse gas stabilization levels, leading
to CQ, concentrations of roughly 450, 550, 650, and 7&tspper million by volume (ppmv) of GOThe
Advanced Technology Scenarios were compared tosfiemarios with continued, but more modest,
technological advances: a Reference Case withgugémnssions constraints and four Baseline Cases
leading to the same four stabilization levels.

Several important observations regarding the rbedwanced technology in climate change mitigation
emerge from the analysis of the scenarios in #psnt. First, no single technology or class of tedbgy

is likely to provide, by itself, the scope or quanof greenhouse gas emissions reductions needed t
achieve stabilization of greenhouse gas conceotratit the levels examined in this study. Becafiieeo
magnitude and complexity of the climate challeraileof the stabilization scenarios in this studglie

a mix of energy efficiency and energy supply tedbgies, as well as contributions to emissions
reductions in non-C&greenhouse gases and carbon sequestration isttedreystems. Second,
accelerated technology development offers the fiatén dramatically reduce the costs of stabilizat
Under the assumptions of this study, the Advanaazhiology Scenarios reduced the cumulative costs of
stabilization over the century, compared to theeBas Cases, by 50% or more, leading to economic



benefits of hundreds of billions to trillions of lthys globally. Finally, the time at which advanced
technologies will need to be developed and deplaygmknds on the stringency of the emissions
constraint. Under the most stringent emissionstcaing considered in this study, corresponding hoyg
to CQ, stabilization at 450 ppmv, emissions reductiongfadvanced technologies begin occurring
within a decade or two. Under the least stringemssions constraint considered in this study,
corresponding roughly to GQtabilization at 750 ppmv, these emissions redostbegin in 2040 or
beyond.

The full report provides a more complete descripbbthe technology futures, documents the
assumptions used in the illustrative scenarios pradides a thorough analysis of the results.
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1.0 Introduction

Human activities, including the burning of fossikfs, deforestation and other changes in landamsk,
agricultural and industrial processes, are leatbrigcreasing concentrations of substances thattidtfie
radiative balance of the Earth and, consequendlyemperature and other aspects of its climate.
Prominent among these substances are aerosolsasgolt, and the greenhouse gases, which include
carbon dioxide (C¢) methane (CH), nitrous oxide (BO), and fluorinated gases such as halocarbons.
The full climatic implications of increasing conteations of these substances are not completely
understood, nor are the possible implications iofiaic changes on human and natural systems.
Uncertainty also surrounds the future emissiontb@de substances, which are influenced by forags su
as population growth, economic growth, and techgiold changes that cannot be predicted with
certainty. Moreover, climate change is a multi-ceychallenge due to the long lifetimes of many
greenhouse gases in the atmosphere, which magaifiekthese uncertainties.

Despite these uncertainties, the possibility ofgdmous impacts resulting from accumulations of
greenhouse gases in the Earth’s atmosphere hdgdregg attention on current and future anthropageni
sources of greenhouse gas emissions and varioussrf@aeducing these emissions. lllustrative & th
concern, the United Nations Framework ConventiolCbmate Change, to which the United States is a
party, states as its ultimate objective: “...stahtlian of greenhouse gas concentrations in Earth’s
atmosphere at a level that would prevent dangeaantigopogenic interference with the climate
system...within a time-frame sufficient to allow egstems to adapt naturally to climate change, to
ensure that food production is not threatened tamshable economic development to proceed in a
sustainable manner” (UN 1992). Stabilizing atmosjghgreenhouse gas concentrations requires that
emissions be equally balanced by the processesetinalve greenhouse gases from the atmosphere. For
CO,, this means that anthropogenic emissions mustieaiydecline toward zero as the ocean and
atmosphere come into equilibrium. In contrast, @@issions are rising today and, absent actions
designed to alter this situation, are projectecatatinue to rise for many decades into the future.

Meeting the objective of stabilizing greenhouse gascentrations will, therefore, require fundaménta
changes in the way the world produces and usegyres well as in many other greenhouse gas-eqittin
activities within the industrial, agricultural, afahd-use sectors of the global economy. It is lyide
acknowledged that new and improved technologiefdcaubstantially reduce the economic burden of
such changes (GTSP 2000, Weyant 2004). Not sunglysimany governments view measures to foster
technological change as integral to their polittegard climate change (Abraham 2004).

This report documents an analysis exploring the tiwht advanced technology could play in stabiljzin
greenhouse gas concentratidfie analysis was conducted by staff members dfiarthwest

National Laboratory (PNNL), working primarily atdloint Global Change Research Institute, a
collaboration between PNNL and the University ofridand at College Park. The work was conducted in
support of the U.S. Climate Change Technology Rmm(s (CCTP’s) strategic planning process. The
CCTP, led by the U.S. Department of Energy, coatgis the Federal government’s investment in
climate-related technology research, developmeamashstration, and deployment (R&D), which is
carried out by twelve Federal agencies.

! Note that reductions in greenhouse gas emissi@nsad the only role for technology. Technology nadéso be important, for
example, in adapting to a changing climate.
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For over two decades, PNNL has been developingiaimg) a set of integrated assessment models to
analyze the role that technology plays in detemngjriuture emissions of greenhouse gases and the
economic implications of reducing these emissiding CCTP asked PNNL to support its planning
process by conducting two tasks. First, workingelp with the CCTP, PNNL formulated a set of three
broad classes of advanced technology futures tigittiead to stabilization of atmospheric greenleous
gas concentrations. Each of these classes of futuraitatively describes a set of future techniclalg
developments and associated possibilities for telolgy deployment. The three classes were designed t
be largely orthogonal in order to capture a widegeaof possible futures. The classes are diffeatadiin
terms of energy technology characteristics andggnechnology deployment because of the importance
of the energy system in stabilizing €€ncentrations. These three generic classeswefjtwithout
specific technology assumptions, serve as a framefoo interpreting past analyses and for condggtin
further CCTP analysis activities.

Second, PNNL constructed specific, illustrativerapées of each technology future within an integtate
assessment model called MiniCAM, which was devaldpePNNL. In consultation with the CCTP and
CCTP working groups, PNNL developed specific masdumptions for each of the three technology
futures and then analyzed the energy, emissionge@mtbmic implications of these technology
assumptions for stabilizing the long-term combiradiative-forcing effects of CQN,O, CH,, and a set
of fluorine-containing industrial chemicals knows lr-gases, including sulfur hexafluoride {EF
hydrochlorofluorocarbons (HCFCs), hydrofluorocarb@HFCs), and perfluorocarbons (PFCs). This suite
of gases serves as the basis for the U.S. carbemsity targets. These three sets of technology
assumptions were explored under four hypothetiedmghouse gas emissions constraints linked to four
greenhouse gas stabilization levels. This repatriees the technology futures, documents the
assumptions used in the illustrative scenarios,pradides an analysis of the results.

Scenario analysis is a well-established analyipakoach for exploring complex interrelationships o
large numbers of variables and for making decisiorder uncertainty. Scenarios are not predictions;
they are what-ifs—sketches of future conditionsalternative sets of future conditions, for use in
decision-making exercises or analysis. Scenaritysisehas been used extensively in the climate ghan
context (e.g., th&pecial Report on Emissions ScenabgdNakicenovic and Swart 2000). Hence, the
scenarios in this report should be viewed as atoeaory exercise to better understand the potentia
benefits of technology in addressing climate chafifey are not meant to mirror any specific CCTP
program goals or to provide the single best esérmfthe benefits of advanced technology.

The scenarios in this report are fundamentathnologyscenarios. They are intended to illuminate the
benefits of advanced technology in addressing ¢éronhange across a range of different possible
stabilization levels. The analysis does not foaugdentifying or promoting any particular level of
greenhouse gas emissions reduction or stabilizatimndoes it explore different policy approactees t
achieve such reductions.

The remainder of the report is organized as folld@sapter 2 provides an overview of the approach to
the development of the scenarios. Chapter 3 inteslthe MiniCAM model and discusses key
assumptions underlying the different technologyaces. Chapter 4 presents the Reference Case, a
scenario in which technology continues to improggdnd today’s levels (according to reference
technology assumptions) and governments take necegetions to mitigate climate change. The
Reference Case is not a prediction of what migppka absent actions to address climate changeait i
scenario based on specific assumptions about theefland it serves as a point of departure foessssg

1.2



the potential impacts of stabilization and the asged benefits of advanced technologies. Chaptiee®
discusses the stabilization scenarios. Sixteerasiosnare presented, representing combinationsuof f
sets of technology assumptions (Reference Casadkgy and the three versions of advanced
technology futures) and four stabilization lev&@&apter 6 summarizes the work and then puts thitses
into the context of the CCTP’s strategic plannioglg. Appendices A and B provide detailed results
from all the scenarios.
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2.0 Overview of Technical Approach

The scenarios in this report were designed to ithate the role of advanced technology in making
progress over a 100-year planning horizon towamhtal stabilization of atmospheric concentratiohs
greenhouse gases. Structuring the scenarios foptinpose required the resolution of a numberuafyst
design issues. This chapter discusses these @sdgwovides an overview of the technical approach
underlying the scenarios.

Study design issues fall into three categories.fFakinvolves the characterization of what is mighy
stabilization. This includes issues such as thergreuse gases included in the analysis, how these
greenhouse gases are combined or weighted, th& dfagtvhich stabilization is measured, and the
stabilization levels themselves. These issuesiacaigsed in Section 2.1. The second category iagolv
the development of emissions trajectories leadingdbilization. This includes issues such as the
emissions-reduction scheme by which stabilizatsoachieved (e.g., the degree of global participaitio
reducing emissions), the manner in which emissiedactions are spread over time, and the tradeoffs
between reductions in different gases. These isauediscussed in Section 2.2. The final category
involves the development of the broad classesabini@ogy futures, the transformation of these fegur
into specific sets of MiniCAM model inputs, and tnerall approach to implementing these scenanios i
MiniCAM. This is discussed in Section 2.3. Modgbins are discussed in detail in Chapter 3.

2.1 Defining Stabilization

Given the prominent role of GOmany past studies of stabilization have focus@tlsively on the

actions and issues involved in stabilizing f&Oncentrations, which are defined in terms ofpthes per
million by volume (ppmv) of C@in the atmosphere. Stabilization levels commordgussed in previous
literature include, among others, 450 ppmv, 550pprrhich corresponds roughly to a doubling of CO
in the atmosphere relative to preindustrial leyed§P ppmv, and 750 ppmv. Although € the most
important greenhouse gas involved in climate change-CQ greenhouse gases are also important. For
this reason, this study applies a broader defmitibstabilization that includes the significannhrGO,
greenhouse gases.

With a more inclusive set of greenhouse gasesg@regate metric is needed that can represent their
combined effects. It is not feasible to simply dldel concentrations of different gases togetheraise
the different gases have substantially differemmag effects at similar concentrations. For exampl
one part per million of Cohas a different impact than one part per millib&bl,. A combined metric
that explicitly accounts for these differenceshisrefore needed.

The metric used in this study is radiative forc{MiRC 2005). When the Earth system is in radiative
equilibrium, the average energy flowing into thatBa atmosphere from the Sun is equally balanged b
energy flowing out, largely through infrared (heatjliation. An increase in the concentration of
greenhouse gases reduces the outgoing energyupmaiting the balance between incoming and
outgoing radiation. Over time, the climate systeithne@spond to this radiative imbalance and adjast
bring energy flows back into balance. One of thegypal responses to an increase in radiative ffigrés

an increase in atmospheric temperature, althouggr changes such as altered precipitation patteiths
also occur. Radiative forcing measures the amoluchange in the Earth’s energy balance. It is dalo
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average metric, typically expressed in terms otsyaér square meter (Win In this study, radiative
forcing is always specified to be the change inBbheh’s energy balance relative to preindustimaés.

Greenhouse gases are not the only atmospheridtoemss that affect the global climate. Figure 2.1
shows an estimate of the radiative forcing impate range of radiatively important substances and
other effects as of 2000. As the figure shows, mnease gases are among the largest and best wadkrst
anthropogenic factors. Other substances, partigudarosols, are likely to have substantial effests

well, although these effects are less well undetstban those of the greenhouse gases. In additien,
atmospheric lifetimes of many of these substantéisa atmosphere are very short relative to thbseeo
greenhouse gases; hence, many of their effectegi@ally heterogeneous.

Global Mean Radiative Forcing (Wm2)
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The height of a bar indicates a best estimate of the forcing, and the Aerosol
accompanying vertical line a likely range of values. Where no bar is present Indirect
the vertical line only indicates the range in best estimates with no likelihood. Effect
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Figure2.1. Radiative forcing of various atmospheric constitts and relative uncertainties
(IPCC 2001a)

This study focuses on the greenhouse gases. 3gioil is defined in terms of the radiative forcofg

the primary greenhouse gases:,CCH,, N,O, and a set of fluorine-containing industrial cleats

known as F-gases, including SHCFCs, HFCs, and PFCs. Some of these substaagesGH andmost
HFCs) remain in the atmosphere for decades; ofbays CQ and NO) remain for a century or so; and
some (e.g., PFCs and gFemain for thousands of years. This suite of gdsans the basis for the U.S.’s
carbon intensity targets, and they also form trestfar the Climate Change Science Program’s omgoin
scenario analysis efforts (CCSP 2005, CCSP 2006).

To link the scenarios in this study with previoasrgario efforts, the radiative forcing stabilizatievels
were explicitly chosen so that the resulting @0ncentrations would roughly correspond to levels
commonly considered in previous studies: 450 p@BQ, ppmv, 650 ppmv, and 750 ppmv. Table 2.1
shows the radiative forcing stabilization levels éme associated G@oncentrations used in these
scenarios. Note that the total forcing shown is thiathe suite of greenhouse gases listed abavis.i§
higher than the forcing from the specified £fncentration level alone.
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Table2.1. Radiative forcing stabilization levels (WAnand approximate CQroncentrations (ppmv)

Increase in C®

Total Radiative

Approximate Long- from Forcing from
Term CQ Preindustrial Greenhouse Gases
Concentration Concentration Relative to
(ppmv) (ppmv) Preindustrial (W)

Most Stringent Constraintevel 1 450 172 3.3
Level 2 550 272 4.5
Level 3 650 372 5.6
Least Stringent Constraintevel 4 750 472 6.5

2.2 Emissions Pathwaysto Stabilization

Stabilization of radiative forcing from greenhowgseses requires that the concentrations of thesss dpes
stabilized and, consequently, that the net emissibthese gases be reduced to levels at whiclsemss
are identically balanced either by uptake or desiwn in natural systems. There are multiple wiéngd t
these emissions reductions might be achieved. Tibg@tential flexibility in where reductions occamd

when they occur, along with the distribution of esmons reductions among greenhouse gases along both

of these dimensions. All of these flexibilities hbs addressed in defining an approach to stabdiza

The CQ emissions reductions pathways constructed foetBesnarios are designed with the goal of
minimizing the present value of global emissiordurion costs. One characteristic of such cost-
minimizing pathways is that emissions reductionarst point in time are distributed among the wald’
nations according to where they are least expenghie means not only that all countries of theldior
are active participants in global g@missions reductions, but also that some countriéseduce
emissions more than others because there are mopaiartunities for cost-effective reductions ingk
countries. This approach is often referred to dsehg” flexibility. It is assumed in the constructiof

these scenarios.

A second characteristic of cost-minimizing pathwisythat emissions reductions gradually increass ov
time, balancing competing goals, such as minimigady retirement of existing capital stock, taking
advantage of new technological advances that wmndvailable for decades, allowing for early and
continued investment in other portions of the ecoynas a foundation for economic growth, and
minimizing dramatic changes in reductions from yteayear. This is often referred to as “when”
flexibility (e.g., Manne and Richels 1997, Wigletlyat. 1996). As a result of the gradually incregsin
emissions reductions, emissions peak and themgetdivard levels at which they are balanced by
removal or destruction in natural systems. FiguBeshows four global C{emissions trajectories that
were used in these scenarios along with the raguliG concentration trajectories.
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Figure2.2. CQO, emissions trajectories (emissions from fossil attneér industrial sources) and resulting
CO, concentrations under the four stabilization Ievels

Figure 2.2 shows that the time at which emissi@ak@and the time at which GGoncentrations
stabilize depend on the stringency of the stakibrdevel. The more stringent the stabilizationele the
earlier emissions must peak and concentrations baustabilized. C@emissions peak within one to two
decades in Level 1 (450 ppmv), roughly at mid-centar Level 2 (550 ppmv), and near the end of the
century for Level 3 (650 ppmv) and Level 4 (750 ppn$tabilization is achieved in this century for
Level 1 (450 ppmv); concentrations are nearing tstabilized levels by 2100 for Level 2 (550 ppmv);
and stabilization does not occur until well inte thext century for Level 3 (650 ppmv) and perhagne
beyond for Level 4 (750 ppmv). Because MiniCAM’saabhorizon extends only to the end of the
century, it was necessary to specify end-of-thatogrCO, concentrations and radiative forcing levels
that were lower than their final levels for thoserzarios not fully stabilizing in this century.

A final consideration in implementing stabilizatinthe tradeoff between reductions in differergaga
The approach used in these scenarios was to appéyket price to the emissions of non-QfPeenhouse
gases based on the price of carbon and the 100gl@zal warming potential (GWP) for these gases as
defined by the Intergovernmental Panel on Climdtar@e (IPCC) Third Assessment Report

(IPCC 2001b). The GWP of a gas is a measure dfiitetic impact relative to that of GOThe GWP is
defined as the integrated radiative forcing froma anit of emissions of a given greenhouse gasvelat
to the forcing from one unit of G@missions. GWPs were used to help determine tloeiainof
emissions mitigation for non-G@reenhouse gases in the stabilization scenarfasirfplicit price on
CH, emissions in any period, for example, is equdhéovalue of carbon times the GWP for £H
Reductions in the emissions of these gases thergforease with the value of carbon, until the patn
which emissions reductions for a particular sesach some maximurh.

2 The CQ emissions and concentration pathways shown irfithise are based on reference technology assungptiothe
scenarios. With advanced technology scenarios,&d@ssions differ because of differences in theicédns in radiative forcing
from non-CQ greenhouse gases, differences in terrestrial st@tien, and differences in net emissions fromesdrial systems.
3 Another approach to the treatment of non,@enhouse gases is to embed them with i®O a full intertemporal
optimization based on meeting the long-term stzdtilon target. With such an approach, emissionsatazhs in short-lived
gases such as Gltake place closer to the point in time at whidliative forcing is stabilized than with the approarsed in this
study. Reducing short-lived, high GWP gases sudbHasearlier in the century has the potential to slbevtate of change in
temperature, although the rate of temperature chauag not specifically addressed in this study.lysig of the rate of
temperature change would also need to considesftbets of aerosols.
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2.3 Constructing the Technology Scenarios

As discussed in Chapter 1, the scenarios are lmstdee classes of technology futures. Theseadass
were constructed to be general; they do not speaifticular technology characteristics, but fomstead
on the general characteristics of the future ensygyem. A range of specific futures could fit iatoy of
the three classes.

The technology futures are constructed primaribuad differences in energy production technologies,
although a range of other technology areas isaltoal for climate change, as will be discusskdrdly.
Adjustments in the way that energy is produced pldly a prominent role in efforts to stabilize
greenhouse gas concentrations because of the enatgyn’s increasingly dominant role in
anthropogenic C@emissions, as shown in Figure 2.3.

e: Carbon Dioxide Information Analysis Center

1 Land Use Change
1 Gas Flaring
Cement
Gaseous Fuels
Liquid Fuels
Solid Fuels

Figure 2.3. Historical anthropogenic carbon emissions bya®u

To develop these three classes of futures, a vaitiger of existing scenario analyses were reviewed,
including Shell International (Shell 2001), the iatl Academy of Sciences (NAS 1999), the United
Kingdom Department of Trade and Industry (UKDTI QO0QKDTI 2001), Natural Resources Canada
(NRCA 2000), the World Business Council for Susthie Development (WBCSD 1999), the
International Energy Agency (IEA 2002), and thetF®RES modeling runs developed by the IPCC and
included in the IPCC’s Working Group Report on Mgitiion (IPCC 2001b). These were supplemented by
consultations with experts in R&D planning, tectogy, climate change, and economics. Each of these
advanced technology futures portrays a distinctutiam of the energy system over the coming century

Technology Future 1: Closing the Loop on Carbon (CLC): This future is based on the assumption
that carbon capture and geologic storage (CCjtisdconomically and technically viable. The
corresponding implication is that fossil fuels albde to continue to play a significant role in the
global energy system even under emissions consrdinthis future, fossil-based energy systems can
become carbon-neutral and remain the backboneea@nhbrgy system through the century.

Technology Future 2: New Energy Backbone (NEB): This future is based on a global energy
transition over the coming century. Nuclear fisséom renewable energy sources become dominant,
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reducing the proportionate role of fossil fuels gnadually replacing them as the backbone of the
energy system. This scenario might arise as atreSumhprovements in renewable and/or nuclear
fission cost and performance that enable themptuca a larger share of the energy market based
purely on their inherent advantages, or, conversiahtations that would inhibit other options such
as carbon capture and storage.

Technology Future 3: Beyond the Standard Suite (BSS): This future also envisions a transition in
the global energy system away from fossil fuelghia scenario, however, the transition is to other
advanced technologies that are not part of theentlyravailable suite. Examples might include
nuclear fusion, space-based solar power, or dranmagirovements in biotechnology that
revolutionize the production of biofuels.

Starting from these three broad futures, four sespecific model assumptions were generated for th
MiniCAM model: a set of reference technology asstioms and three sets of advanced technology
assumptions corresponding to the three futureerBete technology assumptions serve as the starting
point for the analysis. Advanced technology assionptare then used to explore and illustrate the
implications of further advances in technologyslimportant to note that the reference technology
assumptions are not predictions of the future. T8erye as a plausible point of departure for
consideration of additional technological advandd® specifics of the assumptions underlying these
four technology scenarios are provided in Chapter 3

In total, 17 scenarios were generated, as showalite 2.2. These scenarios include:

* A Reference Case that includes (1) the reference technology assiempiand (2) no actions aimed
specifically at reducing greenhouse gas emissions.

» FourBaseline Scenarios that include (1) the reference technology asswnptand (2) four
emissions pathways corresponding to the four lengristabilization levels.

» Twelve Advanced Technology Scenariosthat combine (1) the three sets of advanced téobyo
assumptions (CLC, NEB, and BSS) with (2) the fanissions pathways corresponding to the four
long-term stabilization levels

Although these futures focus on variations in epgngduction technologies, a range of other
technologies and technology areas are also valirablédressing climate change, as mentioned above.
This includes improvements in end-use energy tdolgres, technologies associated with the emissions
of non-CQ greenhouse gases, and technologies associatethmdgtiuse and land-use change.
Technological advances in these areas were alkalettin the Advanced Technology Scenarios, as will
be discussed in Chapter 3.

The exploration of these 17 scenarios forms theslbasthis report. Understanding the differences
between the scenarios provides insights into thernpial role of technology. Most importantly, the
analysis demonstrates that with the requisite telcigical advances, any of the three technologyrégu
can serve as a blueprint for managing the econoamisequences of stabilizing greenhouse gas
concentrations.
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Table2.2. The 17 scenarios in the analysis

Name Technology Assumptions Stabilization L evel
Reference Case

REF REF Reference No Constraint
Baseline

Scenarios

REF Level 4 Reference Level 4

REF Level 3 Reference Level 3

REF Level 2 Reference Level 2

REF Level 1 Reference Level 1

Advanced Technology Scenarios

CLC Level 4 Closing the Loop on Carbon Level 4
CLC Level 3 Closing the Loop on Carbon Level 3
CLC Level 2 Closing the Loop on Carbon Level 2
CLC Level 1 Closing the Loop on Carbon Level 1
NEB Level 4 New Energy Backbone Level 4
NEB Level 3 New Energy Backbone Level 3
NEB Level 2 New Energy Backbone Level 2
NEB Level 1 New Energy Backbone Level 1
BSS Level 4 Beyond the Standard Suite Level 4
BSS Level 3 Beyond the Standard Suite Level 3
BSS Level 2 Beyond the Standard Suite Level 2
BSS Level 1 Beyond the Standard Suite Level 1
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3.0 Modeling Framework and Technology Assumptions

3.1 Introduction

This chapter discusses the model assumptions asgddte the Reference Case scenario and the three
sets of illustrative Advanced Technology Scenawnikin the modeling framework developed by Pacific
Northwest National Laboratory (PNNL), called Mini®A Chapter 2 discussed the overall approach to
scenario development, but the implementation oktemarios requires detailed assumptions about
technology, economic growth and many other factbings chapter describes the model and the
technology assumptions used in this analysis. €helting scenarios are discussed in Chapter 4h#or
Reference Case) and Chapter 5 (for the stabilizatienarios).

Assumptions within any formal modeling frameworklirde not just the values of model parameters, but
also the formulaic and logical structure of the elatself. For example, a model that represents coa
fired electric generation with a single, represevgatechnology delivering electricity at a congtaost

per kWh requires a single parameter to represetdst. In contrast, MiniCAM specifies a number of
coal-fired electricity technologies, and for eatcbansiders both the efficiency of the technologyg &he
aggregate non-energy costs. This requires a largkdifferent set of parameters. This chapter descr
both the modeling approach and the model paramietgn®vide a more complete perspective on the
assumptions that underlie the scenarios.

The remainder of this chapter is organized asyialdSection 3.2 provides an overview of MiniCAM.
Section 3.3 provides an overview of the componehtse model that differ among technology scenarios
Section 3.4 describes the assumptions and modelste, as appropriate, in the energy system. @ecti
3.5 discusses the land-use model in MiniCAM, whghmportant for consideration of biomass energy as
well as carbon sequestration in terrestrial syst&astion 3.6 describes the methodology used tergan
scenarios of carbon sequestration in terrestritesys. Section 3.7 discusses the treatment of @n-C
greenhouse gases.

3.2 ObJECTSMiniCAM

MiniCAM is an integrated assessment model. Integlaissessment models are tools for exploring the
complex interrelationships among economic actiuttg, energy and industrial system, managed and
unmanaged ecosystems, the associated greenhousmiga®ns, and the resulting impacts on climate.
Consistent with the nature of the greenhouse gasgement challenge, many integrated assessment
models generate results over a century-long timestMiniCAM was first developed decades ago and
has been continually refined since its creatiohalt been used as the basis for numerous peewealie
publications, and it has been exercised in a rahgeodel inter-comparison or scenario development
exercises, including those run by the Energy Modehorum at Stanford University and the upcoming
Climate Change Science Program scenarios. MiniCAdd ane of the six models included in the
Intergovernmental Panel on Climate ChaBgecial Report on Emissions ScenardsiCAM has been
constructed to allow for substantial focus on tetbgy and the implications of technology for emiss
mitigation.

The version of the model used here is called ObjE®INICAM, which is a new version of MiniCAM
with an object-oriented structure written in C+-helnew structure provides additional flexibility to
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create and refine individual sectors of the mo@leése advances have been heavily utilized in this
analysis. For example, the analysis here inclugi®eng others, new representations of wind powédy so
power, nuclear power, and the U.S. buildings aadgportation sectors.

MiniCAM models the energy and industrial systencjuding land use, in an economically consistent
global framework. It has sufficient technical detaienable analysis of a wide variety of technglog
systems and impacts over medium to long timesgafeso 100 years in the future). MiniCAM is refedre
to as a partial equilibrium model because it exghlienodels specific markets and solves for equliin
prices only in its areas of focus: energy, agrimagltand other land uses, and emissions. Population
economic growth rates and the operation of otheiose of the economy are assumptions to the model.

MiniCAM operates over a projected time horizon 00Years by solving, in each modeled time step
(currently 15 years), for supply-demand equilibni@nergy, agriculture, and greenhouse gas markets.
The supply and demand behaviors for these marketsmadeled as a function of market prices,
technology characteristics, and demand sectornamefes. Market prices are an output of the model.
Prices are adjusted in the model solution algoritimtil supply and demand for each market good are
equal. At this equilibrium set of prices, produatievels, demand, and market penetration are ntytual
consistent.

A key benefit of integrated assessment modelsaisthiey can be used to explore the interactionsdmt
different sectors that would otherwise be diffidoltdiscern. For example, gasoline production will
increase with a rise in the gasoline price, whidhed a decrease in gas demand and increases in the
demands for energy from competing sources. In ibgiuiin, these market clearing prices (e.g., thegwi
of natural gas, crude oil, coal, electricity, amaigsions) are, by definition, internally consisteuith all
other prices. A range of model parameters influgheenature of the resulting economic conditions,
including (1) energy technology characteristicsrtfrproduction to end-use), (2) fossil fuel resource
bases (cost-graded resources of coal, oil, andalatas), (3) renewable and land resources

(e.g., hydroelectric potential and cropland), (dpwlation and economic growth (drivers of demand
growth), and (5) policies (e.g., policies aboutrggeand emissions).

MiniCAM uses a logistic choice methodology to detare market shares of different fuels and
technologies based on a probabilistic model ofétetive prices of the competing fuels or techni@eg
(Clarke and Edmonds 1993, McFadden 1974, McFad#éigh)1This methodology is based on the idea
that every market includes a range of differenpfieps and purchasers, and each supplier and mecha
may have different needs and may experience difféoeal prices. Therefore, not all purchasers will
choose the same technology because the averageoptitat technology is lower than the averageepric
of a competing technology. The logistic choice rodtiiogy allocates market shares based on prices, bu
ensures that higher priced goods can gain some sh#ine market, which is consistent with real
observations and economic fundamentals. Hencdodjistic choice approach captures the observed
heterogeneity of real markets.

The MiniCAM includes regional detail for 14 regionise United States, Canada, Western Europe, Japan,
Australia & New Zealand, Former Soviet Union, Eastéurope, Latin America, Africa, Middle East,
China and the Asian Reforming Economies, Indiatiséwrea, and Rest of South & East Asia.

MiniCAM includes three final energy demand sectorsach region: buildings, industry, and
transportation. A range of competing energy soupceside energy to meet these demands, including
fossil fuels, biomass (traditional biomass suchsesof wood for cooking and modern biomass that ca
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be used as a fuel for electricity production oadsedstock for biofuels or hydrogen production),
electricity, hydrogen, and non-biomass synthetetdulntermediate energy carriers can be produced f
multiple competing technologies. For example, eieity can be generated from multiple coal, oil,
natural gas, and biomass technologies as welbas lfiydroelectric power, fuel cells, nuclear, wiadlar
photovoltaics, and breakthrough technologies ssapace solar and fusion. Hydrogen can be produced
from coal, oil, natural gas, biomass, and electislySynthetic fuels can be derived from coal,atural
gas, and biomass. MiniCAM also includes capturegeulogic storage of COrom fossil fuels and
commercial biomass produced from residues or bycdest energy crops.

Because of the importance of land use in the eamissand sequestration of greenhouse gases, aaswell
the interaction between land use and biofuels, @ includes a detailed land-use module. A primary
purpose of the land-use model is to representdhgpetition between the use of land to support
production of biofuels and the use of land for agiture. In addition, if biofuels begin to moveant
unmanaged lands, the land-use module is able tareageforestation effects. The land-use model also
calculates net carbon emissions from land-use @sang

In addition to CQ, MiniCAM calculates emissions of the greenhoussegaCH, N,O, and seven
categories of industrial sources for HFCFCs, HRRFXs, and Sf~-MiniCAM also calculates emissions

of other substances, including S®O,, and black and organic carbon, although these stiiestances
were not considered in establishing the stabilirakevels in this study, and are therefore notutised

here. Emissions of greenhouse gases are deterfoineder 30 sectors, including fossil fuel prodoati
transformation, and combustion; industrial proceskand use and land-use change; and urban pracesse
such as waste management.

3.3 Overview of the Technology Scenarios

Chapter 2 explained that 17 scenarios were consttdor this study. These 17 scenarios were based o
four sets of technology assumptions: the referéacenology assumptions and three sets of advanced
technology assumptions, Closing the Loop on Ca(tdC), New Energy Backbone (NEB), and Beyond
the Standard Suite (BSS). Each of the three setdwainced technology assumptions provides an
illustrative example of a distinct technology fuguhat might provide a basis for stabilization of
greenhouse concentrations and radiative forcing.

The four sets of technology assumptions were deeeldy varying underlying technology assumptions
in ways that would best capture the key elementietinderlying technology futures. Table 3.1 pdesi
an overview of the four sets of technology assuomgti In general, two technology levels, referemak a
advanced, were developed for each technology brélae case of carbon capture and storage
technologies, three levels were created to allowrfeaningful penetration of carbon capture andager
in the Advanced Technology Scenarios not focusethisrtechnological system, NEB and BSS.
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Table3.1. An overview of the four sets of technology asptions

Technology Assumptions
Reference CLC NEB BSS

End Use Reference  Advanced Advanced Advanced
§ Hydrogen Reference  Advanced Advanced Advanced
% Carbon Capture and Storage Reference  Advanced Intermediate Intermediate
2 Nuclear Reference Reference Advanced Reference
E wind Reference  Reference Advanced Reference
w  Solar Reference  Reference Advanced Reference

Breakthrough Technologies None None None Advanced

Terrestrial Sequestration Reference  Advanced Advanced Advanced

Non-CO, Greenhouse Gases Reference  Advanced Advanced Advanced

The CLC scenarios include the most aggressive gssum regarding carbon capture and storage, but
assume reference technology for the remaining elesa# the energy sectors. The NEB scenarios use
advanced technology assumptions for renewablesiacidar energy, and assume some improvement in
carbon capture and storage technologies. The B&tsos assume the development of breakthrough
technologies, such as fusion, advanced biotechg@nd space solar power, along with the same
improvements in carbon capture and storage tecgyals the NEB scenarios.

The scenarios are organized around variationsimapy energy supply, but a number of other areas of
technological advance were also included in theawes. All Advanced Technology Scenarios utilize
advanced technology assumptions for energy enchoseCQ greenhouse gases, terrestrial
sequestration, and hydrogen.

Reference technology assumptions serve as a fadefparture for the analysis. They are not frozen
technology assumptions; they include substantidirtelogical advances over currently available
technology in almost every category. In additidr teference technology assumptions are not

predictions of what might happen absent future gdsernment R&D efforts or absent global policies t
address climate change more generally. Given thertainty about how technology might evolve over

the coming century, an enormous range of assungptionld be considered reasonable best guesses about
the future. The reference technology assumptiomsnéended to lie within this range and to serva as
meaningful point of departure for the Advanced Texdbgy Scenarios.

3.4 TheEnergy System

This section discusses the energy sector assurspig®d in the scenarios in this study. As backgtpun
energy technologies in MiniCAM are typically repeaged by two key parameters: efficiency and non-
energy cost. For example, a coal-fired electriplgnt incurs a range of costs associated with coctsbn
(a capital costs) and annual operations and mainten These costs are integrated into the nonsgnerg
cost. In addition, the cost of generating eledirifiom a coal-fired power plant depends on thentjta

of fuel required to generate a unit of electricifyich is a function of the efficiency of the plaatong

with the price of coal, which is endogenously daeieed in MiniCAM based on supplies, demands, and
resource depletion. When technologies deviate trosbasic approach, the differences are discussed
appropriate below.
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34.1 Fossil and Biomass Electricity

Hydrocarbon energy sources, primarily fossil fuelgrently supply the majority of the world’s
electricity. MiniCAM contains highly detailed regentations of fossil and biomass electricity getiema
technologies, with multiple technologies availatdeeach fuel. Hydrocarbon electricity efficiencesd
non-energy costs do not vary across scenarios.

MiniCAM divides electricity generation technologiego two categories: facilities that are alreadaly i
place and operating (existing capital) and newaifetions. MiniCAM uses a vintage structure to
represent the lifetimes and retirement rates df bategories of equipment. All fossil power plaats
assumed to have a 45-year lifetime. However, aldnagtion of the existing capital is retired antiy#o
represent capacity losses with age in additiomjoumplanned shutdowns. Existing capital is retired
more rapidly than new installations because e)gstepital actually represents many different vietagf
power plants, some of which are nearer to retirérniem others. Plants are also temporarily shutddwn
the expense of running the plant exceeds its reazenu

The efficiency of existing capital varies by regiqust as real-world capital stocks vary by regibot
example, existing coal-fired power plants in th& Lare more efficient than those in China on awerag
These efficiencies are shown in Table 3.2. Nongneosts for the aggregate capital are assumee to b
insignificant because decisions regarding the figgisting capital, as opposed to the deploymemtsoé
capital, are based on variable costs only, beddeseapital costs for capacity already in place are
considered sunk costs and not considered in thextipg decisions.

Table 3.2. Efficiencies (lower heating value) of existingdnocarbon electric capital

Natural
Coal Gas Qil Biomass
Africa 0.36 0.29 0.35 0.36
Australia and New Zealand 0.36 0.40 0.41 0.36
Canada 0.36 0.50 0.40 0.36
China 0.31 0.44 0.32 0.31
Eastern Europe 0.40 0.27 0.42 0.40
Former Soviet Union 0.36 0.33 0.39 0.36
India 0.28 0.25 0.41 0.28
Japan 0.43 0.45 0.45 0.43
Korea 0.38 0.37 0.38 0.38
Latin America 0.31 0.29 0.31 0.31
Middle East 0.37 0.37 0.34 0.37
Southeast Asia 0.41 0.28 0.34 0.41
u.s. 0.37 0.37 0.39 0.37
Western Europe 0.41 0.41 0.40 0.32

As demand for electricity grows, the existing sto€lelectricity technologies is not sufficient teet
demand. New installations supply the differencevieen demand and the electricity generated by egisti
installations. Deployment of new installations &etmined in MiniCAM through a two-level, nested,
logistic choice mechanism. First, output is alledaacross the primary fossil fuels and other optguch
as nuclear, wind, and solar power based on thegeenarginal cost of producing electricity using a
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given fuel. After this distribution has occurredtput is allocated using the same methodology acros
available generation technologies for the fuel.

In the future, all regions of the world are assunteldave access to the same generation technolimgies
new power plant installations. For each fuel, techihologies are generally available: a conventional
technology similar to today’s technology but withgrovements over time, and an advanced technology.
(The integration of these technologies with carbapture and storage will be described in Sectidi3.
The conventional technologies in the model areegmiged coal, generic biomass, gas turbines and ol
turbines. In 2005, the only advanced technologylawe is the natural combined cycle (CC). In 2020,
integrated gasification combined cycle (IGCC) pdaaute available using coal, oil, and biomass ds fue

Non-energy costs for the technologies were builbfiline from detailed specifications, which inckai
capital costs, capacity factors, and variable amatifoperating and maintenance costs. All factarsew
based on a consideration of a range of data squnohsding assumptions used in near-term forecasts
from the Energy Information Administration. Howeyeitable data sources beyond the first part of the
century are sparse, so generic assumptions areafjgnesed to derive longer term data. After 2040,
non-energy costs were reduced individually by Oaltually. The improvements in efficiency over time
were designed to attenuate as they trend towarddefermined maximum value. Non-energy costs and
efficiencies for hydrocarbon electric technologaes shown in Table 3.3 and Table 3.4.

Table 3.3. Non-energy costs for new hydrocarbon electgbelogies (cents/kWh)

2020 2050 2095
Pulverized Coal 3.1 3.0 2.9
Coal (IGCC) 3.3 3.1 2.9
GasTurhine 1.8 1.7 1.7
Gas(CC) 1.4 1.3 1.2
Oil Turbine 1.8 1.7 1.7
Oil (IGCC) 3.0 2.8 2.6
Biomass 1.4 1.4 1.3
Biomass (IGCC) 15 1.4 1.4

Table 3.4. Efficiencies for new hydrocarbon electric teclugies (lower heating value)

Technology 2020 2050 2095
Pulverized Coal 0.41 0.42 0.44
Coal (IGCC) 0.49 0.50 0.50
GasTurhine 0.40 0.41 0.43
Gas(CC) 0.57 0.65 0.70
Oil Turbine 0.40 0.41 0.43
Oil (IGCC) 0.49 0.50 0.50
Biomass 0.40 0.41 0.43
Biomass (IGCC) 0.48 0.49 0.49

Power plants do not run continuously. Some runradethe-clock with the exception of down periods for
maintenance (base-load) and some run less freguentieet variations in electricity demand (peaking
intermediate load). In MiniCAM, technologies forgking plants are included in the oil and gas
subsectors. These peaking technologies have the efficiencies as the equivalent base-load teclgyolo
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but the capacity factor is substantially loweregpnresent the lower utilization of the plants. Tigisults in
higher capital costs per unit outgut.

342 Nuclear Power

MiniCAM includes a complete representation of tikelear energy system, including resources, fuel
fabrication, power and waste generation, and thenpial reprocessing of waste into new fuels. The
model contains global uranium and thorium resoubesed on grades with increasing extraction costs,
regional nuclear fuel fabrication and reprocesandlystries that incorporate ore conversion, enreim
fabrication, and reprocessing costs. The modelidersvarious nuclear fuels and options for new
nuclear power plants with specific fuel requirensettttermal efficiencies and capital and operatimg) a
maintenance (O&M) costs. The quantity and compmsitif nuclear wastes generated by the different
reactor technologies are tracked. Accumulated spamium and fissile material can be an input for
fabricating new fuels. The cost for interim storagevaste and the charge for permanent disposal are
added to the cost of nuclear plants.

The set of nuclear technologies available underesice technology assumptions includes the existing
legacy generation of nuclear technologies (Gereliplutionary reactors that are currently availdbte
deployment (Gen l1ll), and future technologies #rat a departure from the current evolutionary desig
(Gen IV). The Gen Il and Gen Il reactors in thesenarios have a once-through fuel cycle and do not
utilize reprocessed fuels. The Gen IV reactor regmés a breeder technology that creates new nuclear
fuels and utilizes reprocessed fuels. In the md@deh Il reactors do not compete for new investmants
are retired by the middle of the century. New Gérelactors are available for investment today and
Gen IV reactors become available for deploymemr&030. Non-energy costs, including capital and
O&M costs, of nuclear technologies are shown inld&x%. Gen IV reactors are assumed to have capital
costs that are 20% higher than Gen 1l reactord the non-energy costs of both reactors are asstoned
improve at a rate of 0.1% per year. Gen Il, Gemhidl Gen IV reactors have different fuel charasties
and fuel costs. Nuclear fuel costs are determimeldgenously by the model based on fuel charadterist
and resource costs.

The advanced technology assumptions include the stamses of nuclear technologies as the reference
technology assumptions. However, the advanced tdogm assumptions include improvements to the
economic characteristics of future technologie® fticlear fuel characteristics of the reactor
technologies are assumed to be the same as iaftrence technology assumptions; however, research
and development in nuclear technologies are asstorledier the capital and O&M costs of nuclear
technologies. The non-energy costs of Gen Il aad ¥/ reactors under the advanced technology
assumptions are lower than those in the referaatemblogy assumptions by 20% and improve at a rate
of 0.1% per year. The advanced technology non-graogts of nuclear technologies are also shown in
Table 3.5.

* The peaking plants also do not shutdown when traiable costs exceed their revenue, becausdedbiieity price they
would receive depends on short-term price spikaswiould be much higher than the average elegtiicite used in the model.
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Table 3.5. Non-energy costs for nuclear electric techn@sdR000$/kWh)

2020 2050 2095
Reference
Gen I1* -- -- n/a
Gen Il 0.047 0.045 0.043
Gen IV n/a 0.054 0.051
Advanced
Gen I1* -- -- n/a
Gen Il 0.038 0.037 0.035
Gen IV n/a 0.044 0.039

*Not available for new deployment

34.3 Solar and Wind Power

Wind and solar power are abundant natural resouwd@sh can be used to produce electricity. Integta
assessment models have historically struggleddorately model the competition of solar and wind
power within the electricity system due to thetménent availability and variability limitations. MICAM
represents two characteristics of wind and solargoothe amount of the resource that might be
economically provided in any region at a given @@nd the degree to which intermittency issues migh
limit the penetration into the electrical grid. Befnce technology and advanced technology assumptio
are examined here for both of these componentestf ¢

In the version of MiniCAM used for these scenartbg, wind resource is modeled using two wind supply
curves for each region. One supply curve represbatsost and availability of onshore wind and the
other represents the cost and availability of affehwind resources. These supply curves together gi

the amount of wind that could be provided econoltyied a given electricity price. Captured in these
curves are both the costs and performance of wirdnes and the resource base for wind power. For
these scenarios, reference technology and advaeckedology supply curves were generated. The supply
curves were derived from an IEA dataset (IEA 200@gated to account for improved wind turbine
technologies. Note that the calculations usedenBA dataset incorporate a limit to the maximumavi
resource allowed per area, which may underestithatamount of wind available in some regions. This
might be a particular problem for regions with siigant wind resources in sparsely populated asea$

as the United States. This was, however, the dolyadjwind resource estimate available for uséis t
study. Table 3.6 provides information on the qugrdf wind in each region over time that might be
provided at different prices with both referencd advanced technology.

The solar resource is modeled in a simpler fasthian wind. Solar is modeled as an unlimited ressurc
with fixed marginal costs. This cost representstthi@ cost of collecting the solar resource, idahg

land costs, solar cell capital costs, and O&M egpsnThe marginal costs of solar power, excluding
ancillary power costs, are provided in Table 3.7.
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Table 3.6. Wind production (billion kWh/yr) by price (ceri8Vh), and by region—includes offshore
and onshore

2020 2050 2095
REFERENCE 4c/kWh 6c¢c/kWh 8c/kWh| 4c/kwh 6c/kWh 8c/kWh /MAWwWh 6c/kwWh 8 c/kWh
Africa 626 2,002 6,006 681 2,176 6,528 797 2,683 7,035
Australia_ NZ 15 165 422 17 190 486 26 213 572
Canada 50 581 993 55 632 1,088 62 681 1,161
China 400 1,752 2,878 435 1,904 3,128 549 2,047 3,149
Eastern Europe 246 536 626 267 583 686 305 593 690
Former Soviet Union 5,259 11,475 13,202 5,717 12,474 14,385 6,524 12,680 14,414
India 28 101 175 30 110 190 36 120 216
Japan 39 79 109 43 87 118 48 91 119
Korea 23 43 55 25 47 60 28 49 60
Latin America 1,536 2,792 3,778 1,688 3,050 4,129 1,897 3,171 4,264
Middle East 867 2,502 3,003 943 2,720 3,264 1,224 2,784 3,290
Southeast Asia 564 1,062 1,358 613 1,160 1,476 689 1,207 1,480
u.s. 87 1,001 1,693 94 1,088 1,849 107 1,173 1,969
Western Europe 200 856 1,417 218 944 1,576 336 1,013 1,613
ADVANCED
Africa 744 2,002 6,006 1,144 4,104 8,984 1,327 4,903 9,787
Australia_ NZ 18 191 439 49 310 882 94 403 1,089
Canada 60 581 1,068 86 883 1,475 160 987 1,542
China 400 1,752 2,878 862 2,603 3,577 1,042 2,828 3,621
Eastern Europe 246 536 627 424 693 791 461 723 805
Former Soviet Union 5,259 11,475 13,208 9,060 14,718 16,285 9,862 15,147 16,389
India 33 121 175 54 154 297 64 169 340
Japan 39 82 109 65 115 137 74 124 151
Korea 23 45 55 38 60 68 41 63 71
Latin America 1,707 2,914 3,778 2,485 3,858 5,137 2,701 4,141 5,405
Middle East 1,031 2,502 3,003 1,982 3,258 3,746 2,187 3,358 3,787
Southeast Asia 564 1,110 1,358 937 1,466 1,674 1,013 1,551 1,722
u.s. 103 1,001 1,821 148 1,511 2,483 276 1,671 2,573
Western Europe 200 859 1,417 633 1,311 1,960 746 1,494 2,124

Y ear 2020 2050 2095
Reference 14.1 9.7 7.1
Advanced 13.2 7.9 4.7

Table 3.7. Solar costs excluding ancillary costs (cents/kKA000$)

Many electricity technologies can be operated whieneequired. Wind and solar technologies, however,
are intermittent; they only operate when theraifficgent wind or solar energy available. This
intermittency is potentially an important limitati@n the deployment of both wind and solar power,
although the ultimate degree to which this limaatimight ultimately bind is not well understood asd

an area of current research. The intermittencyinéiand solar power incurs additional costs to anto

for the ancillary generation capacity that wouldrbguired to be in place to supply electricity whiea

wind is not blowing or the sun is not shining, sa@maintain the current level of reliability imet
electricity sector. Note that the generation cebtsvn in Table 3.6 and Table 3.7 already include th
effect of lower capacity factor (average outputramaximum output) for wind and solar generation
technologies.

Ancillary costs consist of two parts: a capacitargfe, reflecting the cost of building additional

dispatchable capacity, and a cost for running aegaing electricity from the backup capacity. The
backup capacity cost is calculated based on thitatapst of a natural gas turbine, considered
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representative of the lowest capital cost optiarcapacity that would be dispatched infrequently.
Capacity costs, efficiencies and technical chaongée natural gas turbine are consistent with the
assumptions about the technology when used a pripaver generator. This is the primary component
of the ancillary cost. It is assumed that backygacdy would be run or operated to generate eteutri
very infrequently. A capacity factor of 5% was u$edbackup gas turbines. The cost for running the
backup is calculated using the same methodolodgrasalculating the costs for a standard eleciricit
plant. In the future, other technologies, suchaagd capacity batteries or compressed air stocagéd
also serve this backup requirement if their cajmitests were comparable to the cost of a natural gas
turbine, without significantly changing the windstets.

For wind power, ancillary capacity requirements@akeulated as a function of the variability of thimd
resource and the size of the wind generation veldti the size of the electricity sector assumiray t
wind variance and normal load variance are uncated|l The formulation is derived from the
formulation for reserve margin used in the NREL \WWBImodel fittp://www.nrel.gov/analysis/winds/
To capture potential advanced technology beneiitsh as smart grids, that might allow wind to pdevi
a greater proportion of electricity, the ancillagpacity requirements are lower under advanced
technology than under reference technology.

Backup capacity for solar power is modeled usisgralar, but simpler, approach. Backup capacity is
determined by the share of solar capacity reldtvithe total amount of capacity in the electricgctor.

It was assumed that at low solar penetration vtthy backup capacity was required, and as theeshar
increased the amount of backup increased ungbitmed a predefined point where one unit of backup
was required per additional unit of solar outpdtisTis the limit of the backup function; no morarhl
unit of backup per unit of solar output is everuiegd. This point was chosen differently in thesrehce
and advanced technology assumptions to reflectiaddl grid management improvements in the
Advanced Technology Scenarios. The ratio was 1deureference technology assumptions and 1/4
under advanced technology assumptions. This regaineis not a capacity limit; solar penetration may
increase above this ratio by paying for the reguivackup. This approach to solar power probably
underestimates the role of solar power in someoregand overestimates its potential in other regigm
improved implementation of both solar and wind tedbgies is being developed.

344 Carbon Capture and Storage

The option of carbon capture and storage was ustitese scenarios for both electricity generatimh a
hydrogen production. In electricity, carbon captigravailable for new, advanced versions of the
associated generation technologies, such as ngasalombined cycle and IGCC. For hydrogen
production, carbon capture is available as an pgiiocentral station production from coal and redtur
gas. Electricity or hydrogen plants with carbontaag compete directly with the equivalent technaeg
without carbon capture.

Carbon capture and storage can dramatically re@@emissions, but it also incurs costs associated
with capturing and storing carbon. In these scesario differences were assumed in capture
characteristics. Instead, to represent factorsntiigttt limit deployment of carbon capture and sjerahe
costs of carbon storage differ across cases.

The costs of capturing carbon include capital guelating costs associated with capturing the & a
reduction in power plant efficiency due to extramgy requirements for separating £f€dm flue gases.

3.10



The capture costs for electric power plants andgseciated effects of capture on plant efficiesey
represented through a non-energy cost and a pamsérgy requirement. Both of these are applied to
electricity facilities based on the G@missions of the underlying electricity plant, efnvary by fuel.
New versions of the underlying generation technpledh carbon capture compete with otherwise
identical technologies without carbon capture. €&hB and Table 3.9 show the capture energy
requirements and non-energy costs used in the sasifderived from David and Herzog 2000). These
characteristics are the same across regions.

Table 3.8. Carbon capture energy requirement by fuel (kw@jk

2020 2050 2095
Coal 0.63 0.49 0.49
Gas 1.23 1.09 1.09
Qil 0.89 0.79 0.79

Table 3.9. Additional non-energy cost by fuel for carbompttae (2000$/kgC)

2020 2050 2095
Coal 0.030 0.028 0.028
Gas 0.083 0.078 0.078
Qil 0.060 0.056 0.056

With respect to hydrogen production, carbon capaionly available for central station hydrogen
production; it is assumed that a distributed préidacstation would not be large enough for it to be
economical to attach to carbon storage. Hydrogetuoais implemented in the same way as electricity
capture—as an independent paired technology witkd@fficiencies and higher non-energy costs. See
Section 3.4.9 for the efficiencies and capital sadthydrogen production technologies used in these
scenarios.

Whether carbon is captured in electricity generatiphydrogen production, the second portion of s
that of storing the carbon. In these scenariosaisemptions regarding the costs of carbon staage
used as a proxy for a range of additional facteas tight ultimately limit the deployment of carbon
storage, including leakage from reservoirs, ingtihal issues associated with the injection of poplant
flue gases underground, and public acceptancesisBoe these scenarios, three sets of storage
assumptions were developed: reference technologprnaed technology, and intermediate technology.
Reference technology assumes costs that are \gimychimpared to current estimates; however, aswill
discussed in Chapter 5, this does not completegstall the deployment of carbon capture and seorag
under stringent stabilization constraints. Advanisathnology assumes highly competitive storagescost
Intermediate technology lies in between. Table 34@ws the carbon storage costs in three regiotiseof
world under the three technology assumptions.

Table 3.10. Carbon storage costs ($/tC, 20003)

Rest of

Japan Korea World
Reference 924 924 924
Intermediate 544 544 544
Advanced 544 544 114
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Carbon reservoir capacity differs dramatically amoegions of the world. Recent analysis indicates t

the reservoir capacity in most regions of the waslchore than sufficient to meet storage demandthéo
remainder of the century (Dooley et al. 2005). Hesveat least two regions, Japan and Korea, have
limited reservoir capacity that could significantigld back deployment in those regions. For thésoa,

the costs of storage remain high in these regives ander advanced technology assumptions, as shown
in Table 3.10.

The percentage of carbon that is captured is agbtorige constant across regions and electricity
generation technologies, and it increases over witleimproved available capture technologies. The
capture rates for selected years are shown in Table These rates do not differ between advancdd a
reference technology.

Table 3.11. Capture rates for electricity technologies

2020 2050 2095
0.91 0.93 0.94

345 Breakthrough Technologies

To help understand the effects of an unlimited iztatively inexpensive electricity generation
technology, an unspecified breakthrough electrigthnology was implemented in these scenarios. No
specific breakthrough technologies are assumedtamples might include nuclear fusion, space-based
solar power, or an unspecified breakthrough indaibhology that allows for low-cost unlimited
electricity. The breakthrough technology is repnéseé as an electricity generation technology with
constant marginal costs, no backup requirementrar dn capacity, and no associated emissions. This
technology is not differentiated by region. Refetechnology costs are set high enough that the
technology does not compete in the electricity rearkhe advanced technology assumptions are
constructed so that the breakthrough occurs 2@ timeframe, allowing the technology to compete
for new electricity installations only thereaft&éhe technology continues to improve after the
breakthrough in 2050. Table 3.12 shows the cosingssons for breakthrough technologies in the
scenarios.

Table 3.12. Breakthrough technology costs (cents/kWh, 2000$)

Y ear 2020 2050 2095
Reference 98.0 98.0 98.0
Advanced 98.0 7.6 4.9

3.4.6 Biomass

Commercial biomass is supplied to the energy setiptwo sources: dedicated energy crops and esidu
streams. Dedicated energy crops are grown exgliwitlits energy content. These are modeled in
MiniCAM through the agriculture and land-use modehjch is discussed below in Section 3.5. Biomass
residue streams are byproducts of other activisiesh as producing food crops, harvesting and
processing timber, or urban waste streams. Theyoppiomass from residue streams is determined
according to a regional supply curve. These supptyes represent largely the costs of collectirdy an
processing the waste biomass.
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In MiniCAM, energy crops and waste biomass aret¢as one globally traded aggregate product,
which is then available for use in the energy systwith appropriate transportation costs. Biomass ¢
then be used directly to produce heat in the gidind industrial sectors, or converted first ecgilcity,
synthetic gas, refined oil, or hydrogen. Descrimiof the transformation of biomass into electyieibd
hydrogen are included in Section 3.4.1 and Se@&idr9.

Converting biomass to refined liquid, such as edharan be a crucial pathway to reducing carbon
emissions from the transportation sector. This pcod considered a full substitute for refined ol
derived from conventional crude. Biomass may atsadnverted to synthetic gas and burned in buikling
and industry as a replacement for conventionalrabgias. Biomass conversion efficiencies and non-
energy cost are equal across regions and are sholable 3.13.

Table 3.13. Biomass conversion costs ($/GJ, 2000%$)

2020 2050 2095
Liquid Fuel 13.6 9.5 9.5
Synthetic gas 9.8 9.8 9.8

3.4.7 Hydroelectric Power

Hydroelectric power is an important contributoigtobal electricity generation, but due to the stron
political and social influences on its deployméinis inherently difficult to model. In MiniCAM,
hydroelectric power generation is determined bgxagenously specified regional pathway. China and
Latin America are the largest producers, accourfongearly half of hydropower generation combined.
Hydroelectric power production is shown in Tabl&43.

Table 3.14. Hydropower production (EJ)

2020 2050 2095
Global 14.2 22.3 32.3
China 15 3.4 6.7
Latin America 4.5 7.4 8.4

3.4.8 End-Use Sectors

End-use consumers determine the total amount ofjgtieat is consumed along with the mix of
secondary fuels that supply this energy. In MiniCANEre are three end-use sectors in each of the
model’s fourteen regions: buildings, industry arahsportation. In this study, the end-use sectars a
represented in aggregate form for all regions exitepU.S., for which detailed building and
transportation sectors have been implemented.

It is important to distinguish between the two fastthat drive the demand for energy: the demand fo
energy services and the technologies that consuetg tio provide these services. Examples of service
demands include the demand for vehicle miles, émathd for process heat in industry, and the demands
for space heating and cooling for residential bogd. In MiniCAM, the aggregate sectors determhe t
total quantity of service consumed according te@®-based demand function, which grows in respons
to economic and population growth and respondeiamges in the prices by which these services are
delivered.
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Historically, per capita demand for energy hasgrotvn at the rate of per capita gross domesticymiod
(GDP) growth. One reason is that the demands fdenlying services do not necessarily grow at the ra
of GDP growth. For example, the demand for buildiogr space may not double with a doubling in
GDP; it may grow more slowly. Similarly, as econemdevelop, they may move more toward service-
oriented industries and away from heavy industoy.tRese reasons, the demands for services ddinot a
grow at the rate of economic growth in the scemario

The second factor driving end-use energy demandeadlihg to a divergence between GDP growth and
energy demand growth is improvement in the teclgietothat provide end-use services. More efficient
vehicles, industrial processes, and space heatichg@oling equipment, for example, can all lower th
energy required to supply their respective serviteMiniCAM, the energy required to provide endceus
services is adjusted to account for these techiw@bgdvances, which vary by region, end-use sector
and model period.

Reference and advanced technology for the endagserdiffer in terms of the rate of end-use
technological change. The reference technologynagtan is that technology improves at a rate of
approximately 0.5% annually in the U.S., with th&es in other countries dependent on their dedree o
convergence toward the U.S. per capita economjoubuto be clear, this is the rate of efficiency
improvement, not the rate of energy intensity inmeraent, which will be higher because it includes no
just technological change, but also divergence eetvwservice demands and economic growth as
discussed above. The rate of efficiency improverigedifficult to observe historically, whereas emer
intensity (energy per GDP) improvements are oftgsted in literature on end-use energy consumption.

For the advanced technology assumptions, the ohtfficiency improvement were increased so that th
total demands for energy in each sector would I8¢ tb@ver by the end of the century than under
reference technology assumptions were energy piacesnain constant. In reality, however, energy
prices increase over time in all scenarios, s@tteal reduction in energy demand observed in the
Advanced Technology Scenarios without any politiezddress climate change approaches 13%.

The mix of energy demands among fuels is as impofta climate change as the total demand for
energy. After total energy demand has been detedrfior each sector, it is distributed among fuels
according to a modified logistic choice mechanigmich accounts for consumers’ inherent preferences
for certain fuels. For example, in the buildingteecelectricity is positively biased as it is amaseful
energy carrier because it can power computerd, lliglvs, and appliances. Other fuels may be biased
against, such as non-commercial biomass, whiclbéeas phased out as countries have developed. The
fuels available to supply services vary by endsesgor. Within each fuel type, a single aggregate
technology is modeled which determines the avenageenergy cost of fuel and the efficiency of
converting the fuel into a service. For transpaotgtthe fuels are oil, natural gas, electricitydfogen,

and coal. For buildings, the fuels available ategas, coal, electricity, hydrogen, biomass, ama-n
commercial biomass. For industry, the availabldsfaee oil, natural gas, coal, electricity, hydnogad
biomass. The industrial end-use sector also seysatta¢ demand for oil used as a feedstock fromseitl

as an energy source, as the oil used as a feedsézc&ssumed to not result in £€nissions.

The detailed representations of the U.S. buildarys transportation add additional capabilitiedhi t
model by describing the service demands in physécals, separating the services into discrete
components, and enumerating the technologies. dilglitngs, demands include heating, cooling, lightin
hot water, and an aggregate demand that includkasss such as appliances and information
technology. These demands are based on the squaagd of commercial and residential buildings,
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which are assumed to grow over time. A range dfrietogies, such as heat pumps, solid state lighting
and air conditioners, are available to provide ¢h@=rvices. In the detailed transportation moded, t
demands are calculated: tons-miles for freight @asbenger-miles for passenger transportation. These
demands are then distributed to modes such as cyotes, automobiles, and trains. The technologies
which supply these demands include rail, interoahlosustion engine automobiles, and hydrogen powered
automobiles. The detailed buildings and transporiegectors provide a deeper level of insight emnd-

use energy demands and the role of technologyducieg end-use energy consumptions. The
information gained from the detailed models wasiusecalibrate the parameters for the aggregate
models, allowing the rest of the world to be comsiswith the U.S. only models.

349 Hydrogen

Hydrogen is not an energy source; it is an eneagyer. MiniCAM includes a full hydrogen economy,
including production, transmission, distributiondaconsumption. This complete implementation of
hydrogen also allows for the examination of therattion between hydrogen and other advanced
technologies, such as nuclear, wind, and solaer@ete and advanced technology assumptions were
developed for these scenarios.

Reference and advanced technology differ in twaomapys. First, the costs of hydrogen technolotjies
the transportation sector were decreased significkor advanced technology. In the aggregate esel-u
sectors, this meant a reduction in the non-eneogy @f hydrogen in transportation; in the detailed
transportation model, this was implemented in pagsevehicles. Second, the efficiencies of the wind
and solar hydrogen production technologies weneased under the advanced technology assumptions.

Hydrogen production is an established technologg,feydrogen production costs were assumed to be the
same across the scenarios. Hydrogen productiobeaategorized by whether it is centrally produced
(central station) and then distributed to end wseghether it is generated more closely to the uses
(distributed), for example, at a hydrogen fillingtion that would be similar to today’s gas stagion

Central station production represents large faedlithat benefit from economies of scale, but iredra

costs to transport hydrogen to the consumer. destiion producers may also benefit from carbon
capture and storage opportunities that are notadlaito smaller plants. Distributed station prdic
represents smaller facilities, with higher prodaoietcosts but locations convenient to the hydrogen
consumers.

The central station options implemented in MiniCA&lk& natural gas steam reforming, coal chemical,
nuclear production of hydrogen through thermochahpcocess, hydrogen from biomass, and grid-based
electrolysis. The distributed station options inmpémted are natural gas steam reforming, grid-based
electrolysis, and wind- or solar-driven electrodysilo differentiation in parameters is assumedsacro
regions. The efficiencies and non-energy costs$if®technologies were derived from the National
Research Council Hydrogen report (NRC 2004). Tha otathis report specified parameters for 2020 and
2050. Parameters for 2035 were calculated usiingearl interpolation, and values for later periodsev
calculated using an assumed 0.001% improvemerfticieacy and a 0.05% decrease in capital costs
annually. Hydrogen production technologies areavailable prior to 2020, and nuclear driven
thermochemical production is not available unti820Hydrogen generated from nuclear plants occurs
directly from the reaction, so does not have a nmggul efficiency. Wind- and solar-generated hydeng
also benefit from the removal of the requiremenrarndillary capacity, because the generation igadt

of the electricity grid. Hydrogen production efficicies and non-energy costs are shown in Table 3.15
and Table 3.16.
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Table 3.15. Hydrogen production efficiencies (%)

2020 2050 2095
Central Station
Natural Gas 74 78 82
Natural Gas (CCYS) 67 73 76
Coal 62 71 74
Coal (CC9) 59 69 72
Nuclear - - -
Biomass 33 52 54
Electricity 75 85 89
Distributed
Natural Gas 56 65 68
Electricity 75 85 89
Wind 75 85 89
Solar 75 85 89

Table 3.16. Hydrogen non-energy costs ($/GJ, 2000%)

2020 2050 2095
Central Station
Natural Gas 6.4 4.8 3.8
Natural Gas (CCS) 9.8 6.6 5.3
Coal 17.0 11.8 9.4
Coal (CCY9) 18.6 13.2 10.5
Nuclear - 324 25.9
Biomass 82.7 40.6 324
Electricity 51.5 4.3 3.4
Distributed
Natural Gas 48.5 26.3 21.0
Electricity 62.1 15.2 12.1
Reference Wind 167.8 21.8 17.4
Advanced Wind 62.6 8.1 6.5
Refer ence Solar 242.8 34.9 27.9
Advanced Solar 90.6 13.0 10.4

Central station hydrogen also incurs transportadia distribution expenses. These costs includdipi
and trucking costs as well as additional capitquineed at the distribution facility, such as staagnks.
Distributed production occurs at the distributiawifity, such as the gas station, so the costsoofge
and distribution are included in the productiontsoBistribution and dispensing costs are provided
Table 3.17.

Table 3.17. Hydrogen transportation and distribution co${&(, 2000$)

Y ear 2020 2050 2095
Distribution 3.55 2.62 2.09
Dispensing 4.57 3.30 2.64
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3.4.10 Cement Production

Cement production has been separated from the gaggrandustrial sector in order to better repretient
emissions created by the process of turning linmesiioto cement. This emission can be potentiatiyda
especially in rapidly growing economies. Demandd@ment is based on analysis of historical cement
demands. At low incomes, cement demand increaghsmeiome. At higher income levels, demand
growth slows. Because the emissions from cememiugt®mn can be a significant fraction of global
carbon emissions under stringent £{&missions limits, an option was added to captodestore the
carbon emissions. This capture technology is sinaldhe technologies that capture emissions from
electricity, but it has a higher capital cost. Teehnology is assumed to capture all emissions avith
additional capital cost of 214 $/ton of carbon. Thebon storage costs used are dependent on the
scenario and equal to those used for electricitytgmrogen.

3.5 Land Useand Land-Use Change

Land-use practices have several effects on statdiz The conversion of grasslands and forests to
agricultural land results in a net emission of,@®@the atmosphere. This has been the largest impac
historically. In the future, biomass energy cropls @@mpete for agricultural land with traditional
agricultural crops, linking land use with the enesgstem. Finally, the quantity of land in diffetarses
defines the potential for specific sequestratiotiomg. For example, the amount of soil carbon tiaat be
sequestered in agricultural soils through practsteh as no-till agriculture will be determinedpart by
the extent of agricultural lands.

For these reasons, MiniCAM includes a model thatates the land area for each of MiniCAM’s 14
regions among four major land uses: crops, pastuaeaged forests, and unmanaged forests. Crops are
further subdivided into a range of individual citypes including food grains, coarse grains, oipsto

and biomass crops.

The allocation of land types takes place in the ehtittough global and regional markets for agrimait
products. These markets include those for raw aljuial products as well as those for intermediate
products such as poultry and beef. Land allocatwadve over time through the operation of these
markets, in response to changes in income, popalatchnology, and prices. The costs of supplying
agricultural products are based on regional charistics, such as the productivity of land and the
variable costs of producing the crop. Exogenousraptions are made for the rate of increase in
agricultural productivity. Demands for most agrtoshl products, with the exception of biomass
products, are based primarily on income and pojoulat

The land-use model has several related purposgisriate change scenario development. One of tlsese i
to better capture the potential prices and avditahif biomass products by explicitly capturingeth
interaction of land devoted to biomass with othersuof land. The supply characteristics of bionaass
derived from the land-use model. The demand fambi&s derives endogenously from the energy
component of the model. For example, the largewé#hee of carbon, the more valuable biomass isas a
energy source and the greater the price the emeagiyets will be willing to pay for biomass. Conwalys

as populations grow and incomes increase, compeéngnds for land may drive down the amount of
land that would be available for biomass productiba given price.
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A second purpose of the land-use model is to cagiteenhouse gas emissions from particular larsl use
as well as emissions (or sinks) as land movesdnoan of different uses. Emissions of non-CO
greenhouse gases are tied to relevant drivergdelatiand use. For example £som ruminant animals

is proportional to beef production. Unmanaged leawl be converted to agro-forestry, which tends to
result in net C@emissions from tropical regions in the early desad/iniCAM treats the effects on
carbon emissions due to gross changes in landeuge ffom forests to biomass production) using a
regional average emission factor for such conversidis emission is included in the global carbon
cycle, so that the calculation of carbon dioxidaaamntrations includes the effect of land-use change

The effects of changing land uses on,@@issions can potentially be large, and ideallicponakers
would like a lever so that they can influence lais@-decisions. The effects of biomass productieror
particular interest with respect to €@missions. As the value of biomass crops incredlsee is greater
incentive to convert unmanaged land into biomaspg;rwhich may result in substantial £€nissions
from the unmanaged lands as these may containdargpen stocks. Hence, a comprehensive approach to
carbon management must include valuation of cartwbfust in the energy sector, but also in land Urse
the current version of the land-use module, a sfiagimechanism is used that focuses on the coiorers
of unmanaged land to biomass. A cost is addedrtova@rcial biomass production based on the value of
carbon and the difference between the amount bbcain biomass and unmanaged lands. This
mechanism tends to limit the penetration of bioniaksunmanaged lands when £émissions are
constrained.

A final purpose of the land-use model in the contdthese scenarios is as an input to the devedopm
of scenarios of carbon sequestration in terrestyisiems. For example, the agricultural land aaeas
allocations serve as an input to the scenarioarifon sequestration in agricultural soils. Theofelhg
sections describe the approaches taken to carlpoesteation in agricultural soils, reforestationda
carbon sequestration in grasslands.

3.6 Carbon Sequestration in Terrestrial Systems

Potentially, any type of land use or land-use ckarwuld be managed for enhanced terrestrial carbon
content, but three broad types of land have beamtifted as having the largest potential for carbon
storage by Watson et al. (2000): agricultural sédeestry, and grasslands. PNNL therefore develope
reference and advanced technology assumptionsibbr & these. The soils and grasslands analysds use
MiniCAM model results as inputs but were conducteatside of the MiniCAM modeling framework.

By far the most extensive of the analyses is thaadon sequestration in agricultural soils. Tdmsilysis
breaks new ground in the development of globateds of soil carbon sequestration potential. Figres
and grassland carbon sequestration are also mitgstibstantial and might receive more detailed
treatment in future analyses.

36.1 Carbon Sequestration in Agricultural Soils

Soil carbon sequestration refers to the purposeéuiagement of soils that, in addition to meeting
production or conservation objectives, succeedigngnting soil carbon stocks. For these scenaios,
methodology was developed to estimate gridded sadfigoil carbon sequestration at the global scale
and then combine these with MiniCAM output to obtdifferent scenarios of soil carbon sequestration.
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In this analysis, soil carbon sequestration wasutailed based on conversion of agricultural landao
till practices.

The initial soil carbon stock of each region watedained by a Global Information System analysis
using major United Nations Food and Agriculture &ngation (FAO) soil orders (Batjes 2002) as
classified globally into a gridded dataset by Zolgfeal. (1986) (Fig. 3.1) and adjusted for land using
the dataset of Ramankutty and Foley (1998). Chaimgssil carbon over time were calculated by
balancing additions to the soil and emissions fd@womposition. Emissions were assumed to follow
first-order kinetics—the decomposition of soil aamlis proportional to the first power of the carbon
content in soil. Since the decomposition rate dfcabon compounds is not homogenous, the soil was
divided into three layers: crop and/or root resgjube active layer, and the passive layer. Aduiitiof
carbon to the soil were calculated based on creld yiata for each region for wheat, millet, comg a
soybean (FAO 2005). Key assumptions used to represd kinetics are shown in Table 3.18.

Table 3.18. Initial allocation of soil carbon, allocation cérbon additions, decay rate, and associated
mean residence time

Crop/
Root Whole
Residues Active Passive Soil
Initial Allocation of Carbon (fraction) 0.05 0.45 0.50 1.0
Allocation of Carbon Additions (fraction) 0.85 0.10 0.05 1.0
Decay Rate (yr™) 0.2 0.01 0.002 0.016
M ean Residence Time (yr) 5 100 500 65

Results from the MiniCAM land-use module provideglieultural land area in each region. This was
adjusted to exclude areas where no-till is nokalyi alternative, including land in rice, root, and
vegetable crops. The annual rate of carbon seatiestias a result of conversion to no-till agriaet
was then calculated and aggregated to producetiamaés of total potential soil carbon sequestrafam
each MiniCAM region over the next century.

The total potential for carbon sequestration ifsseas then adjusted for economic influence on the
adoption of no-till agriculture using the carboicprset in MiniCAM simulations using the assumpsion
that a higher carbon price will increase the raig maximum fraction of land area of adoption. The
adoption of no-till over all agricultural lands vidwide is not likely due to the heterogeneity oif so
properties, the availability of knowledge and equgmt, and potential changes in crop production.
Therefore, the maximum adoption level for no-tiksvadjusted based on the marginal abatement cost
curves for the economic potential of soil carbogquesstration as reported in McCarl and Sands (2006).

Many actions that might be taken to reduce greesdgas emissions or sequester carbon in terrestrial
systems will only be implemented if policies aré jpuplace to encourage these actions. For example,
carbon capture and storage adds costs to elegfi@tiuction and is, therefore, not a viable opabsent
concerted efforts to address climate change. Satiena, on the other hand, are viable to some @egre
even without concerted climate policy. It was assdrtat agricultural practices, such as no-till
agriculture, that can lead to carbon sequestrati@gricultural soils have some economic benefits
irrespective of climate change, including improged quality and reduction of energy used in
agricultural production. These practices are intaserying degrees today and are, therefore, a
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component of the Reference Case. The stabilizatenarios include additional sequestration in
agricultural soils based on the value of carbohithassociated with stabilization.

The advanced technology assumptions for soil casleguestration incorporate changes to two physical
soil parameters. To reflect advances in crop prooiu¢echnologies, such as improved crop yields,
increased fertilization, improved residue managerpegctices, and the development of higher yielding
crop varieties through biotechnology advances,% Brease was applied to the parameter repregentin
additions of carbon to the soil. The other potémtthvanced technology impact is an increase in the
maximum amount of carbon that can be stored irsdhilevith technologies such as deep carbon storage,
soil amendments, or manipulations of soil microb@hmunities (Post et al. 2004). This was represknt
by a decrease of 10% in the decay rate coeffici@mih increases the mean residence time of carbon
the soil and, therefore, increases the quantitadbon in the soil at any given time.

3.6.2 Carbon Sequestration Through Reforestation

As discussed above, MiniCAM contains a model ofllase that produces estimates of managed crop,
forest, and pasture lands in each region. Defdrestand reversion to previously forested lands is,
therefore, taken into account endogenously by MAWC Consideration of terrestrial sequestration
through reforestation must be done in a mannerdbes$ not double count carbon flows or stocks tiker
scenarios in this report, additional analysis exoge to the integrated assessment model was caaduct
to construct scenarios for terrestrial carbon ssaton through reforestation.

The options for enhancing the carbon content adtsrcan be broadly divided into two types: those t
promote the growth of forests on land that is woe$ted now and those that promote greater carbon
content of current forests, largely managed foré&tsnprehensive data on productivity increases in
managed forests is not available, so this parametsemot further adjusted in the model scenarios. F
these scenarios, an analysis was conducted oftjadtexiorestation of lands not otherwise usedcfaps,
timber, pasture, or buildings.

The amount of land that could be potentially re$ted was estimated by determining the extent afdan
that are not currently forested or managed forratises but where forest cover could naturally oc€ar
estimate this, a number of gridded data sets ward. Current forest cover was taken from DeFrigs. et
(2000), potential forest cover and current aradtel [from Ramankutty and Foley (1999), and pastode a
built-up land area from Foley et al. (2003).

The primary calculation of the fraction of aregpotential reforestation was performed on a 0.54.gri
Potential vegetation and forest cover data sete aggregated up from five minute data. The foregerc
data set has a maximum value of 80%, evidentlytdlienits in the satellite data processing algarith
Because these areas could be maximally forestagbsgnt, areas with aggregated (0.5°) forest cgeera
of 75% or greater are excluded from the reforemtatalculation. (These areas are primarily in South
America and Africa).

In order to produce a conservative estimate, atabl pasture land, and currently built-up lanel ot
considered for reforestation. Due to inconsisteniadata, boreal regions were also removed fram th
calculation. Boreal regions were determined from@iobal Agro-Ecological Zones reported in Leelet a
(2005). The result of the calculation is shown iiguiFe 3.1.
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Figure3.1. Global areas of potential reforestation (fractid area that could be reforested)

To translate reforested area into terrestrial cadsmuestration scenarios, we use aboveground fores
carbon content and regrowth rates from HoughtonHakler (2001). The areas of potential
reforestation determined above were further redbgettie amount of regional forest area in the
MiniCAM simulations, (which reflects potential cagrgion of these areas to other uses). This adjustme
reduced areas by an average of 35% globally. Aatwitly, increases in population were assumed t als
encroach into potentially forested areas due t@esijon of urban lands, although this adjustmesiriall
globally (4%).

The total area available for reforestation wasweatied to be 570 million hectares. The reference
technology assumption is that one third of thisaar@n be reforested. The remaining areas are ad¢ome
be valued for other purposes or somehow unsuitatdegraded. For the advanced technology
assumptions, this fraction is increased to 40%.

Reforestation only occurs in the stabilization sg@s. It was assumed that no reforestation odaoutise
Reference Case because of the absence of corstainarbon emissions. In the stabilization scesari
the reforested area in each region was assumedtabted over a thirty-year period, with treeshiag
their maximum carbon content using the time scfatea Houghton and Hackler (2001). The stabilization
scenarios differ in terms of when the plantingiiiated. It was assumed that reforestation begimsn

the value of carbon reaches roughly $10/tC. Hetheemore stringent the carbon constraint, theezarli
reforestation begins.

3.6.3 Carbon Enhancement in Pasture Land
Terrestrial carbon sequestration options for geasls include converting grasslands to forest or

increasing the productivity and/or carbon contdmhanaged grasslands (Conant et al. 2001, Pos) 2000
Changes in management practices for lands usquhfbture (grazing) were considered in these scenario
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alterations in other grasslands were not considéredview of the literature indicates a wide ramge
potential enhancements. A substantial uncertaixigtsin the amount of pasture land to which carbon
enhancements could be applied. Some of these gptiowever, involve management changes such as
fertilizer addition which might have greenhouse gasssions consequences that would offset some of
the additional soil carbon sequestration.

The pasture land areas as used in the MiniCAM mg@tlved from FAO data) were used as the basis
for pasture land carbon sequestration. These dptasent permanent pasture, which is presumably
already under management, amounting to 1500 miliextares globally. A total century-scale poténtia
for terrestrial sequestration in pastures was dpesl associated with the Level 2 stabilizationlleve
(roughly 550 ppmv). For the remaining three stahtion levels, this total was adjusted based on the
percentage variations in the totals associated agjtitultural soils. The time path was also assutoed
follow that for agricultural soils. Terrestrial sestration in pasture lands differs from that irni@dtural
soils, however, in that no sequestration is assum#te Reference Case for pasture lands. Re@ll th
sequestration in agricultural soils occurs withoanstraints on carbon emissions.

For reference technology a conservative estimaf@e2fonnes of carbon per hectare over 40 year8 (or
tonnes C/Ha) was assumed to be applied to 40%sbiigaland for the Level 2 stabilization scenarios.
This value is on the lower end of the range, nio&t this represents is the net effect of the mamage
changes in terms of carbon emissions, with anyetiffgy emissions subtracted, such as those from
fertilizer application. The total global carbon sestration is 4.7 GtC, with management changes
assumed to be adopted at the same rate as agiatsivil sequestration practices. For advanced
technology, the carbon addition was taken to bel@rghes C/Ha per year, again over 40 years (12)T/Ha
but applied over 60% of pasture lands. The outcismi@.6 GtC sequestered over the century for the
Level 2 scenarios. Further research would be reduo better understand, and bound, the potential
carbon sequestration potential of pasture lands.

3.7 Non-CO, Greenhouse Gases

MiniCAM calculates emissions of GHN,O, and seven categories of industrial sources FCFCs,
HFCs, PFCs, and SFEmissions are also calculated for other radistivaportant substances, such as
ozone, aerosols, and aerosol precursor compountithdse were not considered in this study bectdgse
forcing targets were defined in terms of greenh@aseforcings only. Emissions are determined far ov
30 sectors, including fossil fuel production, trammation, and combustion; industrial processey] la
use and land-use change; and urban emissions.iBnsisse proportional to driving factors appropiat
for each sector, with emissions factors in manymsesaecreasing over time according to an income-
driven logistic formulation.

Marginal abatement cost (MAC) curves are usedpoesent the opportunities for greenhouse gas
emissions reductions, and they include shifts endirves for methane due to changes in natural gas
prices. In all the stabilization scenarios, theuealof non-C@greenhouse gases used to determine
abatement levels are based on the value of cadjostad by the global warming potential for each.ga
The values of non-C{yreenhouse gases and carbon, therefore, moveceitoMAC values that are

less than zero for a zero carbon price are asstorieel phased in over a period of several decadesi®
this assumption, significant economically driveduetions in non-C@greenhouse gases take place even
in the Reference Case. Some of these economiaalgrdreductions are the result of technological
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advances over time. The marginal abatement cogestdrom the EMF-21 exercise as supplied by the
Environmental Protection Agency and its collabarsitgere used for this exercise.

For these scenarios, two sets of MACs were devdlapéerence technology and advanced technology.
The marginal abatement cost curves have the saowdse for both reference and advanced technology,
but with different levels assumed for technologidange. In order to treat non-£émissions mitigation

in a comparable manner to energy system reductiecisnological change is assumed to enhance the
opportunities for reductions over the next centligchnological change was incorporated by assuming
that the maximum possible amount of mitigationdach sector and gas increases over the next century

Table 3.19 presents the reference and advanceddlegy assumptions for mitigation in the U.S. bg ga
and source sector. The scenario values in the vedile selected by a combination of expert judgraedt
consistency across sectors and gases. The baseatizss from the EMF-21 curves, as applied for nhear
term technology, are also shown for reference.

Table3.19. U.S. non-C@greenhouse gas reductions (%)

|Gas Sector EMF-21 base Ref Tech Adv Tegh
CH, Coal Mining 85 85 85
CH, Natural Gas Systems 35 60 80
CH, Petroleum Systems 20 25 40
CH, Landfills 85 85 85
CH, Enteric Fermentation 20 35 50
CH, Manure Management 10 60 85
N,O Adipic Acid Production 95 95 95
N,O Nitric Acid Production 90 a0 90
N,O Agricultural Soils 10 20 35
HFC-245fa Foams 30 40 55
HFC-134a Aerosols 20 30 40
HFC-134a Solvents 80 85 90
HFC-134a Mobile Air Conditioning 70 75 80
HFC-134a Commercial Building AC 70 75 80
HFC125(227ea) Fire Extinguishing Systems 30 45 60
HFC125(227ea) Commercial Building AC 70 70 70
HFC125(227ea) Residential Building AC 70 70 70
HFC125(227ea) Food Distribution and Appliance 70 75 80
Sk Electric T&D 30 45 60
C,Fs Semiconductor Manufacture 10 15 20
CF, Al and Mg Manufacturing 40 55 65
CF, Solvents 80 85 90
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4.0 TheReference Case

4.1 Introduction tothe Reference Case

This chapter describes the Reference Case, a scanarhich technology evolves over the
century according to the reference technology aptions (see Chapter 3) and in which no
explicit actions are taken regionally, nationatly globally to limit greenhouse gas emissions.
The Reference Case is not a prediction. It is agibde point of departure for analyses of
stabilization and the role of advanced technoldgwide range of equally plausible reference
cases could have been developed for this exefdimeCQ emissions from the Reference Case
chosen for this analysis are near the middle ofahge of reference case emissions from the
scenarios published in the Intergovernmental Pamélimate Chang&pecial Report on
Emissions Scenari¢dPCC 2000).

In addition to its role as a starting point forther scenario analysis, the Reference Case provides
insight into how the global energy system and gneese gas emissions might evolve under its
unique assumptions about population growth, chaimgesid and labor productivity, evolution of
technology, and endowments of resources such ds oilj natural gas, and coal. Together, these
forces govern the supply and demand for energysimil goods, and agricultural products—the
activities that lead to greenhouse gas emissidms gfeenhouse gas emissions in the Reference
Case are not predetermined; they are the resthtahteractions between these various drivers
over the 21 century.

The Reference Case does not assume that techrrelmgyns frozen at today’s levels. Substantial
advances occur in the Reference Case across lyradlabf the relevant technological areas
considered in the analysis: energy supply technedo@nd-use technologies, agricultural
technologies, and technologies for reducing thessioms of non-C@greenhouse gases. The
Advanced Technology Scenarios that will be the soauChapter 5 differ from the Reference
Case in that they assuradditionalimprovements in technology beyond those in thesfegice
Case.

The stabilization scenarios in Chapter 5 also difi@n the Reference Case in that they assume a
global effort to limit greenhouse gas emissionise#lto differing degrees of stringency. The
assumption that no actions are taken to addrassitgichange in the Reference Case is consistent
with the role of the Reference Case as a startngf for further analysis, but it is not likely tha
such a future will actually come to pass. Countaiesalready undertaking actions to limit the
growth in greenhouse gas emissions. For exampd,)i8. is committed to a greenhouse gas
intensity goal and a number of other developed t@mmare participating in the Kyoto Protocol.

Beyond these two distinguishing characteristios,Rleference Case is identical to the
stabilization cases in Chapter 5. For exampleddmographic and population assumptions, the
underlying growth in labor productivity, the undgng demands for energy services and
agricultural products are identical across allgbenarios in this report (although price effects
result in some differences in consumption). Heooejparing the stabilization scenarios to the
Reference Case allows for explicit explorationved important issues: the implications of
stabilization and the role of advanced technologgdhieving stabilization.
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The remainder of this chapter explains the keyanttaristics of the Reference Case. Section 4.2
describes the assumptions regarding populatioreaodomic growth; Section 4.3 explains the
evolution of the energy system; and Section 4.4gnts the evolution of agriculture and land use.
Finally, Section 4.5 presents the greenhouse gasiems in the Reference Case, which
represents combined results of the various inteigéactors described in the sections that
precede it.

4.2 Population and Economic Growth

In the Reference Case, population growth in theelbging countries is accompanied by
particularly strong economic growth in nations sashndia and China, and later in Latin
America, the Middle East, and Africa, shifting tlveight of global economic output. This also
shifts energy demand and, consequently, greenlgassemissions away from the currently
developed countries and toward the currently dgetpcountries. The population and economic
assumptions underlying the Reference Case providenanon foundation to all the scenarios in
this analysis, including the stabilization scensrio

Economic growth in each of the model’s 14 regiangaverned by three factors, each of which is
an input to the model: labor productivity, laborde participation, and total population.

Economic output is calculated as the product odettbree factors modified by an energy-service
price elasticity. Identical assumptions for theaeameters are used in all the scenarios considered
in this study, including the stabilization scenariblowever, stabilization incurs economic costs,
which are manifest in lower economic output in steilization scenarios. Similarly, improved
technologies, such as those in the Advanced Teogn@cenarios, decrease the costs of energy
in general, which tends to increase economic ouffhase factors imply that final economic

output in the stabilization scenarios differ frame tReference Case, but the underlying economic
and demographic forces do not.

The population assumptions used in these sceramgasased on a combined analysis of the
median scenario by the United Nations (UN 2005) aillennium Ecosystem Assessment
(MEA 2005) Techno-Garden Scenario from the Intéomatl Institute for Applied Systems
Analysis. Starting with the underlying populatiaesario, the labor force was estimated from
age and gender-specific labor force participataies applied to the relevant cohorts, then
summed and adjusted by a fixed unemployment naigotitant trends were explicitly considered,
including the increasing rate of labor force papttion by females in the U.S. economy, the
aging of the baby boomers, and evolving labor pigition rates in older cohorts, reflecting the
consequences of changing health and survival rasdsr force productivity growth rates vary
over time and across regions to represent thedeimyaemographics.

The population and aggregate economic charactevistithe Reference Case are shown in
Figure 4.1. Population increases from roughly $iliob today to over eight billion by the end of
the century, with the majority of this growth invédoping economies. However, the scenarios do
not exhibit exponential growth. If recent growthesiwere to continue throughout thé'21

century, the end-of-century population would belweér 10 billion. However, the scenarios
exhibit a demographic transition from high birtrdadeath rates to low death rates and eventually
to low birth rates, reflecting assumptions thattbiates will decline to replacement levels or
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below, particularly as standards of living incredSar some countries, birth rates are already
below replacement levels, and maintaining thessnaill result in population decline for these
countries.

Economic output exhibits a similar shift toward theveloping nations. The U.S. continues labor
productivity growth of roughly 1.5% annually thrduaut the century, within the range of rates
that is consistent with the historical record. Tleeds to economic output roughly five times that
of today. The developing economies, such as Chddralia, exhibit substantially higher labor
productivity growth rates particularly early in tbentury, and several regions, including Africa,
Latin America, and the Middle East, emerge from Ipitial growth to the same sorts of growth
rates experienced recently in India and China.r€kalt is growth in global gross domestic
product (GDP) from roughly 35 trillion dollars i®@0 to over 250 trillion dollars (in constant
2000 dollars) by the end of the century, with Chindia, and Southeast Asia producing over 100
trillion dollars combined.

4.3 TheEnergy System

With an increasingly prosperous global economy areincrease in the ability to purchase the
wide range of products and services that energyiges. Figure 4.2 shows the consumption of
final energy in the Reference CaBimal energy represents the energy that is consiimeld

uses. It differs from primary energy in that it doet account for conversion losses for
generating intermediate energy carriers such asrieigy. For this reason, final energy is always
lower than primary energy.

Population by MiniCAM Region Economic Output by MiniCAM Region
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Figure4.1. Population and GDP by MiniCAM region in the Reigce Case.
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In total, consumption of final energy roughly teplby the end of the century. However, the rate
of growth slowly declines over the century, desghie more substantial increases in economic
output, for three primary reasons. First, the dedrfanmany end-use services may tend to
saturate with increasing wealth; that is, there @@ point at which increasing prosperity does
not bring forth a commensurate increase in consiomif particular services. For example, as
people demand larger and larger houses, the behefich incremental square foot declines.
Similarly, as income increases, the demand foetrencreases, but this growth is mitigated by
the increasing value that consumers place on tine#: Second, improvements in end-use
technologies reduce the energy required to prozédd service. As discussed in Chapter 3, the
Reference Case assumes roughly 0.5% growth annodl efficiency of end-use technologies.
This reduces the rate of growth of final energystonption.

Finally, the Reference Case exhibits increasingtefieation in both the buildings and industrial
sector, which results in the global trend towaetglfication as shown in Figure 4.2. Because
electricity can generally provide greater servimed given input (e.g., a heat pump is more
efficient than a gas furnace), increasing electidfon puts downward pressure on final energy
growth; however, primary energy consumption inoesasore than final energy consumption
because energy is lost during the production aftetity. This trend toward increased
electrification is an important characteristic lo€ tscenarios, because it raises the importance of
technologies that can reduce or eliminate the cadmissions that result from electricity
generation.

Another important characteristic of the ReferenaeseCis disproportionate growth in the
consumption of transportation services, which lgad$isproportionate growth in the demand for
liquid fuels, as shown in Figure 4.2. This growthransportation demands is largely driven by
rapid expansion in transportation in the develogognomies of the globe during their early
periods of economic expansion.

As discussed in Chapter 3, detailed models of ti& huildings and transportation sectors were
also used in this analysis. As shown in Figure di3mportant trend in the building sector is
increasing demands for appliance, information tetdgy, and other predominantly electric
demands, which are included in the “other resi@#hgind “other commercial’ categories. At
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Figure4.2. Global final energy by sector and fuel
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Figure4.3. Delivered energy by end use in the U.S. builsiagd transportation sectors

present, heating is the largest single demandriat énergy in the buildings sector, but the
relative importance of heating decreases over ietause of the increasing penetration of high-
efficiency, electric heat pumps along with the @aging internal gains (heat given off by other
end-use devices) from those other technologiethditransportation sector, passenger
transportation continues as the dominant demanlibficid fuels, and there is a substantial
expansion in the demand for air travel.

Increasing consumption of final energy leads toumhly commensurate increase in the
production of energy. Figure 4.4 shows global primenergy consumption by fuel in the
Reference Case. Today, primary energy is roughlyED By the end of the century, this
increases over three-fold, to over 1200 EJ, roughdportional to the growth in final energy
consumption.

Of particular note, carbon-free energy sourced) ssarenewable energy, commercial biomass,
and nuclear power, experience substantial growthignfuture. Spurred on by the substantial
improvements in costs and performance that wereritbesl in Chapter 3, these energy sources
provide over 300 EJ of primary energy by the enthefcentury—a level that exceeds total
global primary energy production 1990 and is apgho®y that in 2000 (roughly 400 EJ). This is
a dramatic expansion in the deployment of thedeni@ogies across the globe.

Despite the growth in carbon-free energy sourcewgeler, fossil fuels remain the dominant
energy source throughout the century because @rtbamity of the global resource of fossil
fuels and their ease of use. By the end of theucgnihe fossil base is more than double that of
today. Yet, the Reference Case also includes aiti@maway from conventional oil, which is the
primary source of transportation fuel today. Conieral oil prices rise as the lower cost
elements of the resource base are exhausted amdexjpensive grades must be recovered. As
conventional oil prices rise, a range of alterrafivels, primarily synthetic fuels from coal and

® Note that non-building refers to end uses thatkssified as commercial for the purposes of matiaccounting, but
refer to non-building energy uses, such as pargargges.

4.5



1,400

B Commercial Biomass

M Renewables

1,200 4
Nuclear

M Coal
1,000 +
M Natural Gas

B Oil (including unconventional)
800 A

EJlyr

600 -

400 4

200 A

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090
Year

Figure4.4. Global primary energy in the Reference Case

unconventional sources of oil (e.g., tar sandsalnshales), become competitive in
transportation markets. The broad availabilityhefse sources allows the transportation energy
consumption to increase, as discussed above, thieilenergy system transitions from
conventional oil in the second half of the centittgwever, the production of liquid fuels derived
from synthetic fuels and from unconventional oiigms are both more carbon intensive than
production from crude oil, implying upward pressarecarbon emissions.

4.4 Land Use, Land-Use Change, and Terrestrial Sequestration

44.1 Land Useand Land-Use Change

Increasing population and increased standardsiofli both of which are characteristics of the
Reference Case, increase the demand for agridytiteducts. In particular, increasing standards
of living are associated with an increase in th@aled for secondary, more intensive agricultural
products, such as beef and poultry. Both of thastfs are reflected in the global land allocation
in the Reference Case, as showfigure 4.5.

As the century unfolds, growth in croplands andyaslands impinge on currently unmanaged
lands. The amount of land dedicated to crops expsmtheet increased demands. The conversion
of unmanaged lands to cropland, and the convedditorested lands in particular, results in
carbon emissions through deforestation.

It is important to note that the growth in agricudtl lands arises despite the increasing
agricultural productivity. Agricultural productivit including biomass crops, is assumed increase
by 1% per year from 1990 to 2035 and 0.5% per feaeafter. Productivity in managed forests
is assumed to increase by 0.5% per year througiditiiout this growth in agricultural
productivity, the displacement of unmanaged landsld/be much larger.
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4.4.2 Terrestrial Sequestration

As discussed in Chapter 3, many actions that ntightiken to reduce greenhouse gas emissions
or sequester COn terrestrial systems will only be implementegdficies are put in place to
encourage these actions. Some actions, on thelwher are viable to some degree even without
concerted climate policy. The terrestrial sequéstneoptions considered in these scenarios—soill
carbon sequestration, reforestation, and carbamest@tion in pasture lands—are assumed to
include both actions that are only viable with pigls and those that might occur without policies.
The Reference Case assumes no explicit actiorddrest previously forested lands or to
sequester carbon in pasture lands. ConverselReference Case assumes that the agricultural
practices such as no-till agriculture, which ceaadléo carbon sequestration in agricultural soils,
have some economic benefits irrespective of climhtage, including improved soil quality,
reduced runoff, and reduction of energy used iicaljural production.

The soil carbon sequestration results in the Reéer€ase are shown in Figure 4.6. Rates peak
after several decades and then decline becauserttaning opportunities to convert to soll
management practices that are economic in the &eferCase are undertaken over the first half
of the century. These soils continue to take upaarbut at a decreasing rate.

® Note that land for bioenergy is positive in thedRence Case but is small enough to only show ugimely in
Figure 4.5
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Figure4.6. Soil carbon sequestration rates in the Refer@ase

4.5 Emissions, Concentrations, and Radiative Forcing

One outcome of population and economic growthdseiasing C@emissions throughout the
century. The left panel in Figure 4.7 shows the, €Qissions in the Reference Case from fossil
and other industrial (cement) sources.,@@issions are projected to rise over threefotamfr
about 6.5 GtCl/yr in 2000 to slightly over 21 GtCityi2100. This is roughly commensurate with
threefold growth in primary energy consumptionhiea Reference Case. The cumulative result is
increasing atmospheric concentrations oL, G438 shown in the right panel of Figure 4.7. Ndyon
do CQ concentrations triple relative to preindustrialdks, they are on the rise as the century
closes, foretelling increasing concentrations et the 22° century.
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Figure4.7. CO, emissions from fossil and other industrial (cehenturces and CO
concentrations in the Reference Case
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CH, and NO emissions both exhibit a gradual peak and dediitiee Reference Case, as shown
in Figure 4.8. The eventual decline in these non-@®enhouse gases is caused by assumptions
about the viability of zero-cost options for mitiiga. As discussed in Chapter 3, these options
are assumed to be phased in and exploited gradually

Increased greenhouse gas emissions and resultiogmioations lead to increasing radiative
forcing from these gases. Figure 4.9 shows thatiadiforcing from the greenhouse gases
considered in this study. These results highliglt important themes that will be important in
the stabilization scenarios in Chapter 5. First, B&omes an increasingly dominant source of
increased radiative forcing; it is the most impottgreenhouse gas to control. Second, substantial
reductions need to be made in the emissions ofd@ngreenhouse gases if stabilization is to be
achieved. The non-GQ@reenhouse gases do not have as large a foaprid@, but their
control has important impacts on the costs of Btaltion, as will be discussed in more detail in
Chapter 5.
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5.0 TheSabilization Scenarios

5.1 Introduction tothe Stabilization Scenarios

This chapter discusses a set of scenarios thatatestabilization of atmospheric concentrations of
greenhouse gases, and it examines the role of agddaechnology in reducing the economic impacts of
achieving stabilization. The scenarios discussetignchapter differ from the Reference Case dsedis
in Chapter 4 in two ways. First, most of the scersadiscussed here include advances in technology
beyond those that were assumed in the Referenae Taiee different suites of advanced technology
assumptions were used, as discussed in Chaptef Qtaapter 3: Closing the Loop on Carbon, New
Energy Backbone, and Beyond the Standard Suit@n8ethe stabilization scenarios are based on the
assumption that the nations of the world adoptst-effective, cooperative mechanism for limiting
greenhouse gas emissions. Four hypothetical emgssiajectories were examined in the study,
corresponding to the four radiative forcing levdilscussed in Chapter 2. These four radiative fgrcin
levels were designed so that the associategoB@rentrations would be 450 ppmv (Level 1), 55Gpp
(Level 2), 650 ppmv (Level 3), and 750 ppmv (LedelConversely, the Reference Case assumes no
explicit actions are taken in the future to mitegygteenhouse gas emissions.

There are twelve stabilization scenarios with adedrtechnology, created by combining the threedfets
advanced technology assumptions with the four t@didorcing stabilization levels. In addition, the
analysis included four Baseline Scenarios, whidheae the same four stabilization levels with refere
technology instead of advanced technology. The eoispn of the costs associated with the Baseline
Scenarios to those associated with the Advanceldnbéogy Scenarios helps assess the economic
benefits that advanced technologies might generate.

Emissions and concentrations are nearly identwass the Advanced Technology Scenarios because
they are all based on the same radiative forcimggreenhouse gas emissions levels. However, thagnea
of achieving these reductions differ substantiattyoss the Advanced Technology Scenarios. In the
Closing the Loop on Carbon scenarios, a large atafuglectricity is generated from power plants
equipped with carbon capture and storage equiprnretite New Energy Backbone scenarios, greater
amounts of renewable and nuclear energy are gexeiatthe Beyond the Standard Suite scenarios,
significant quantities of energy come from breasitiyh technologies in the latter half of the century

The costs of meeting the various stabilization Ile@aee also similar across the three sets of agvhnc
technology assumptions. This is an outcome of $seraptions behind the technology scenarios. From
within the wide range of plausible assumptions tuatd have been used in each technology area, the
advanced technology assumptions were chosen tealsemable, given our state of knowledge about how
technologies might advance, but also to achieaivel consistency in costs across the three teoggol
scenarios. Comparing across technology assumptiosrgfore, provides insight into what sorts of
advances in cost and performance would need toemappthree very different energy supply technglog
areas, to lead to a similar end point. Althoughegtgomay differ on the likelihood of each of thesés of
technological advances occurring, the scenariow shat each one, if it were to be achieved, couiigo
dramatic cost benefits to the goal of achievingitization.

Ultimately, the role of technology in stabilizatisto reduce the costs of achieving stabilization.
Although they differ in terms of their energy suppharacteristics, the additional technologicalatbes
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assumed in the Advanced Technology Scenarios rhareftalve the costs of stabilization across
stabilization levels. And these costs are substhiimulative discounted costs over the centurjccbe
tens of trillions of dollars.

The stabilization scenarios demonstrate that aeraftechnologies can contribute to the achieverokent
stabilization goals. In no scenario is a singldtetogy responsible for all (or even most) of redhrs in
greenhouse gas emissions. Instead, across theissenaultiple technologies and technology areakana
important contributions.

The remainder of this chapter proceeds as foll@estion 5.2 discusses the greenhouse gas emissions
trajectories and the resulting concentrations addative forcing levels in the stabilization sceasy and
Section 5.3 explores the variations in the eneygjesn to meet the different stabilization levelgegi the
differing assumptions about how technology mighiles over the coming century. In Section 5.4, the
implications for land use and the terrestrial setpation are characterized across scenarios. 8egfo
and Section 5.6 provide closing observations omrdleeof technology in stabilization. Section 5.5
explores the relative contributions of differerthirologies to emissions reductions and demonstifadgs
various types of technological advances can be fitapbcontributors to stabilization. Section 5.6
compares the costs of stabilization under the ashditechnology assumptions with the costs based on
reference technology.

5.2 Emissions, Radiative Forcing, and Concentrations

Stabilization in these scenarios is defined in teafradiative forcing from the suite of greenhogases
discussed in Chapter 2. Stabilizing radiative fogdirom these gases has implications for their
concentrations and, therefore, their emissions tiwer. For greenhouse gases, stabilizing radiative
forcing is equivalent to stabilizing atmospherieicentrations, because radiative forcing from each
greenhouse gas depends primarily on its concemtratithe atmosphere. Stabilizing greenhouse gas
concentrations, in turn, requires that emissionsu&lly balanced by the processes that remove
greenhouse gases from the atmosphere, so thattfeen® net additions to the atmosphere.

CQO, is unique among the greenhouse gases in thatdt idestroyed in the atmosphere. Instead,
atmospheric C@concentrations reflect the distribution of carlamnong the ocean, terrestrial biosphere,
and the atmosphere, which in turn is driven byaugrof processes known as the carbon cycle. These
processes are such that the introduction of f&@n fossil fuel combustion or other industrialisces

into the atmosphere will set up a chain of evemas tedistribute the carbon over time within the
atmosphere-ocean-terrestrial system. Over timeCewill be moved from the atmosphere into the
oceans and potentially into the terrestrial biosphEowever, that partitioning process will stdblve
some of the C@in the atmosphere for many thousands of years-idgad an essentially permanent
increase in atmospheric G@oncentrations. For this reason, stabilizing, €@ncentrations at any level
requires that emissions eventually decline toward ZThe final stabilization level determines tb&alk
cumulative quantity of C&that can be emitted into the atmosphere. The ededgrofile of emissions
over time is determined in large part by econoroitsiderations and the evolving rate of carbon wptak
by the ocean. For many stabilization levels, emissican continue to occur for many years beyond the
point in time at which the concentration is staigiti because the ocean, and potentially the tealestr
biosphere, will continue to take up carbon. Busthaptake processes will decline over time as the
carbon cycle eventually returns to equilibrium. gt true of all the stabilization levels consideire this
study.
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In contrast to CQ all of the non-C@greenhouse gases are destroyed by chemical ayghteohical
processes in the atmosphere. The destructioniretesise with the concentrations of these greemhous
gases. For this reason, if emissions were keptaonhfor any of these greenhouse gases, the rates a
which they are destroyed would increase and eviiyp@me into balance with the rates at which they
are emitted. Hence, concentrations would be staiiliThe timeframes for this process vary among the
gases because of their differing atmospheric tifesi, but for all of these non-G@ases, stabilizing
concentrations is synonymous with stabilizing eforss. The final concentration level determines the
final level at which emissions must be stabilized.

Figure 5.1 shows the radiative forcing trajectofisthe four stabilization levefsThe timing of
stabilization differs among the stabilization lestéThe more stringent the stabilization goal, tloeem
quickly it will need to be reached to achieve araintain it. For the two least stringent levels, €e¥
and Level 4, stabilization is not achieved untilhirgo the next century or perhaps beyond for Leke
For this reason, in both of these scenarios, rigadidbrcing is still increasing and is well belohettarget
level in 2100. In contrast, radiative forcing igpagaching its stabilized level at the end of thetgey in
Level 2, and stabilization is achieved in this cepffor Level 1.

Figure 5.2 shows radiative forcing across the Etalbion levels at the end of the century alondghwit
radiative forcing in 2000. Together Figure 5.1 &iglre 5.2 illuminate the relative roles of diffate
greenhouse gases in stabilization.,@Xlearly the most important greenhouse gas mérab It

represents the largest contribution to radiativeifm in the Reference Case, accounting for over

5.0 Wm? out of a total of roughly 6.5 Wfin 2100. The most stringent stabilization goalyélel,

requires a reduction in radiative forcing from £ the order of 3.0 Win 2100. In contrast, non-GO
greenhouse gases represent slightly above 1.0 Withe Reference Case, and reductions under tis¢ mo
stringent stabilization goal are approximately 612

At the same time, a simple comparison of radidiiveing reduction amounts does not fully illuminate

the importance of controlling emissions of the @@, greenhouse gases. Reductions in non-CO
greenhouse gas emissions are worth substantiallg frmm a cost perspective than a simple comparison
of emissions reductions might indicate. Emissi@thkictions in every gas are assumed to occur irr orde
of cost. The most cost-effective reductions arendist; the greater the requisite reductions in
emissions, the higher the cost of eliminating thalfunit of emissions. In economic terminologye th
marginal costs of emissions reductions increasbelevel of abatement increases. The reductions in
radiative forcing from non-CQgreenhouse gases may be smaller than those fpm@Chey eliminate

the CQ emissions reductions with the highest marginalscdor this reason, the lowest-cost approach to
climate change must be a comprehensive one tHatlesthe non-COgreenhouse gases.

" The figure shows the radiative forcing trajectsifier the Closing the Loop on Carbon scenarios.ré&tive forcing

trajectories do not differ significantly across thiferent Advanced Technology Scenarios. The liesealcenarios—stabilization
scenarios with reference technology—do differ gligh the relative mix of C@to the non-C@greenhouse gases. Less
advanced technology in those scenarios leads terleeductions in non-C{yreenhouse gases so that these gases contribute a
greater share to total radiative forcing. The tdialwever, does not differ between the advancdthtdogy and baseline
scenarios.
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Just as substantial improvements in energy tecgredare included in the Reference Case, the geses
that result in emissions of non-g@reenhouse gases also exhibit improvements awerdven in the
Reference Case. For example, as the price of hg@msgmethane) increases over time, so does the
incentive to reduce leaks of natural gas from jiygesystems. If these actions were not taken in the
Reference Case, the non-C@eenhouse gas emissions would be higher in ther&ee Case, and the
potential for reductions would also be higher.

CO, concentration trajectories, shown in Figure 5.Bnimthose of radiative forcing, because radiative
forcing is primarily a function of greenhouse gaseentrations. Concentrations are rising at theoénd
the century for Level 3 and Level 4; concentratiares approaching their stabilized levels in 2100 fo
Level 2; and stabilization is achieved in this centfor Level 1. Per the design of these scenatis,
long-term CQ concentrations associated with the four stabibiralevels roughly mimic a set of
concentrations that have been frequently citedénipus scenario exercises: 450 ppmv (Level 1), 550
ppmv (Level 2), 650 ppmv (Level 3), and 750 ppmevel 4).
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Figure5.3. CO, concentrations across stabilization leVels

Figure 5.4 shows the emissions trajectories fop, @B, and NO across stabilization levels in the
Advanced Technology Scenarios. The degree to wénuksions must be constrained to achieve
stabilization varies substantially over the fowabdlization levels. In stabilization at Level 4y fexample,
emissions of C@at the end of the century are over twice thabday. In contrast, in Level 2, emissions
by the end of the century are at roughly todaywelle For Level 1, emissions at the end of thewzgnt
are roughly half that of today. Likewise, the tighthe constraint, the sooner £€nissions must peak,
and the sooner they must reach levels at whicle thier no net additions to the atmosphere, CO
emissions do not peak until late in the centuryliewvel 4. In contrast, emissions peak and begim the
decline in a matter of decades for Level 1.

Across the stabilization levels, reductions in esiaiss relative to the Reference Case begin imngliat
and increase over time, which is a general chaiatiteof cost-minimizing emissions trajectories/ed

o See footnote 7.
10 See footnote 2.
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the full century, cumulative reductions in €émissions from the Reference Case are on the of&80
GtC to 1,000 GtC across the four stabilization levEigure 5.5 shows an illustrative example of the
emissions reductions required to reach Level Zesponding to 550 ppmv GOT he relative

contributions of different technologies toward &stimg these reductions will be explored in Secbdn
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5.3 TheEnergy System

The energy sector is the largest source of @@issions, and CQOs the most important of the greenhouse
gases. Thus, emissions limitations required fdriktation will have a strong impact on the energy
sector.

Figure 5.6 shows primary energy consumption ovee tacross the Advanced Technology Scenarios and
the Reference Case. Changes in the energy seotopéred to the Reference Case) come in two forms:
reductions in energy use and shifts in the mixrafrgy supply sources toward those that emit less.
Reductions in energy use are captured in the sectibthe bars entitled “end-use reduction”. Thg afi
energy supply technologies is shown in the remgis#ctions of the bars.

Reductions in energy use can arise from (1) ine®asthe efficiency of end-use technologies rasylt

in more energy-efficient vehicles, buildings, andustrial processes; (2) use of more efficientgner
supply technologies, such as more efficient fqgeailer plants; and (3) reductions in the demand for
energy services, for example, driving cars fewdesndr setting thermostats lower in the winter. The
assumed technological gains in energy end-usdesflig do not vary among the Advanced Technology
Scenarios. Increased end-use energy efficiency lmadeductions in energy demand by the end of the
century on the order of 10% from the Reference @asass the Advanced Technology Scenarios. In the
Level 4 scenario, these end-use efficiency gaiedta primary source of end-use energy reductidhs.
more stringent stabilization levels, additionaluetibns are primarily due to a price effect: deméord
energy decreases in response to the increasedfagrgy, which is due to the cost associated tligh
carbon constraints. These reductions in serviceaddnincrease as the stabilization level is tighdene

The role of end-use technologies in stabilizat®nat exclusively one of decreasing end-use energy
through improved efficiency. An equally importante for end-use technologies is to facilitate shiitg
to fuels that emit less carbon. For example, ospaese to increased carbon constraints in these
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scenarios is increased electrification. As thetalsty system shifts toward technologies that elesis
carbon, it becomes a more appropriate fuel forus®eapplications. Switching to hydrogen or biofuels
transportation provides similar benefits, if hydeagcan be generated from fossil fuels with carbon
capture and storage technology or from sources asicluclear, wind, or solar power. These adjustsnent
in end-use fuel mix can only occur if the approferiend-use technologies have been developed and are
cost effective. For example, electrification of tieg in buildings depends on the cost and perfocaant
electric heat pumps or other alternatives thatelsetricity instead of fuel. Similarly, the penétoa of
hydrogen into transportation can only occur if eefééctive hydrogen-powered vehicles are developed.
Hence, the role of end-use technologies in achijegreenhouse gas stabilization goes beyond end-use
energy reduction.

The relative roles of different supply technologigsown in Figure 5.6, change as the emissionsslimi
become more stringent, when freely emitting fossérgy (fossil fuels without carbon capture and
storage) is replaced by low- or non-emitting sosirsgch as fossil energy with carbon capture and
storage, bioenergy, nuclear power, other renewabtekbreakthrough technologies. In the Level 2
scenarios, energy from freely emitting fossil fuslat roughly today’s levels at the end of thetagn

after a peak prior to 2050 and then a long decliféle energy from low- or zero-emissions sourdes a
the end of the century exceeds global energy ptamutoday. This represents a dramatic expansion of
these low- or zero-emitting sources. In the Leveténarios, freely emitting fossil energy in 2160 i
roughly half of that today, and energy from alte¢iresources in 2100 is on the order of one-andfait
times the size of the global energy system tod&gpide these shifts, freely emitting fossil fuedsitinue
to be the largest source of energy for the firftdfathe coming century in all scenarios, andrfast of
the 2% century for the less stringent scenarios. Hertedjlization does not imply a near-term phase out
of fossil fuels. This is particularly true in théoSing the Loop on Carbon scenarios, because gwepce
of competitive carbon capture and storage techiedaglows for fossil fuels to participate in theeegy
sector as a low-emitting energy source.

In addition to the shift toward low- or zero-emitienergy sources, all of the stabilization scesari
exhibit a shift within the fossil fuels toward theothat result in less carbon per unit of energyal@ad
unconventional fossil sources such as tar sandslaadd oil result in greater emissions per uniéroedrgy
than conventional crude oil or natural gas. Natgea produces the lowest emissions per unit ofggrar
the fossil fuels. So, an important response to gionisconstraints is to shift toward natural gas awdy
from coal and unconventional sources. This dynamibe fossil supply mix is manifest in all of the
scenarios, although it is less dramatic in the i@tpthe Loop on Carbon scenarios, because of the
viability of carbon capture and storage technoltwgiurn coal-fired power plants into low-emissions
technologies.

As was discussed in Chapter 2, the primary disandietween the different advanced technology
assumptions is in the supply of primary energysAswn in Figure 5.6, each class of Advanced
Technology Scenarios exhibits its own unique changlee energy mix as the G@&missions constraint
is tightened from Level 4 to Level 1. In the Clagihe Loop on Carbon (CLC) scenarios, the shift is
toward more carbon capture and storage and otlvenadd fossil-based energy technologies as
emissions become more constrained. In the New Krigmgkbone (NEB) scenarios, the role of nuclear
and renewable energy increases as the constraighisned, because they are assumed to exhiigha h
level of technical progress and become relativebt-effective compared to other technologies. In
addition, constraints on, and higher costs of, @ariorage limit its effectiveness in reducing carb
emissions in this scenario, compared to Closind-tap on Carbon. So, in the NEB scenarios, carbon
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capture and storage is projected to continue pdgairole, but not as large as that projected irCthé
scenarios. In the Beyond the Standard Suite (B&S$)ssios, very advanced forms of energy supply and
distribution become more important as constraietine tighter, because it is assumed that they make
technological progress to the point that they aampete for market share in the latter part of thié 2
century.

Despite these differences in emphasis, all of te@arios exhibit a diverse portfolio of energy
technologies at all points throughout the centbor. example, the CLC scenarios include contribgion
from nuclear and renewables well above those @fyodhich represent a dramatic expansion in
production, particularly from the renewable sour&@milarly, some carbon capture and storage is
deployed in the NEB scenarios. In the BSS scenahesbreakthrough technologies don’t emerge until
the second half of the century. Even after theyrgmehey do not dominate the energy system, laitt th
emergence is enough to substantially lower thesaufsstabilization.

This diversity in the energy mix is a charactecisti the world today, and is caused by severabfadhat
will likely continue throughout the century. Onefartant cause is the heterogeneity of energy eesl. us
For example, electricity is a more effective enesgurce for air conditioning, but it has not yetyen a
viable fuel for transportation applications, whpogtable, liquid fuels dominate. The range of dife
uses for energy in industrial, transportation, @gtural, and building end uses leads to the reguént

for a diverse mix of fuels. Another cause is reglorariation. In some regions, wind resources nmay b
plentiful, and hence wind power relatively inexpgaswhereas it may not be competitive in othenrs. |
addition, many countries value a diversified engrgstfolio as a way to hedge against risk. Morepger
great deal of energy capital is long-lived, mearilvag shorter-term fluctuations in investment patie
cannot fully alter the capital stock, and the dfeaf these fluctuations persist for many decaldesay

be that particular technologies are the technotdghoice for particular applications for yearseeen
decades—for example, natural gas combined cydiénes were the electricity technology of choice for
new installations in the U.S. in the 1990s—butdtuek of technologies in total remains diversified.

Just as the reduction in emissions from the Refer€ase increases over time, so to does the defgree
adjustment in the energy sector. The majority efghift in the energy sector occurs in the secahidoifi
the century in all scenarios, but in all scenainggortant shifts in the energy sector actions #&e a
undertaken over the next few decades. This caedrelsy a comparison of the stabilization scenanios
Figure 5.6 with the Reference Case. The shiftrigelawhen the stabilization level is more stringé&iar
example, in the CLC scenarios, carbon capture tmdge technology does not see substantial
deployment until well into the second half of tlentury for Level 4, but meaningful quantities of
electricity from power plants with carbon captunel @torage are online by 2020 in the Level 1 seenar

Behind these explicit shifts in the mix are all Hetivities that are necessary to develop the w@olgies

to the cost and performance levels assumed inalgsas. These include R&D, demonstration projects,
and early niche deployment that can lead to impbitchnology learning. Many of these activitiea ca
take decades. As discussed in Chapter 3, all #reasios assume substantial progress in virtuakyyev
energy technology, and the Advanced Technology &tenassume even greater advances. Simply put,
these levels of advance require actions todayveldp, improve, demonstrate, and deploy the
technologies that will allow the world to contrbktcosts of emissions reductions in the future.
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54 Land Use, Land-Use Change, and Terrestrial Sequestration

54.1 Land Useand Land-Use Change

The distribution of land for different uses canditered in stabilization scenarios through at leéaet
countervailing forces. One force is the demanddfoenergy. Because bioenergy is net carbon neutral,
the demand for bioenergy increases with constramtsarbon emissions because it can substitute for
higher-carbon alternatives such as gasoline. Brggrie particularly valuable in transportation
applications, because there are fewer low-carbenraitives for fossil-derived liquid fuels thanrheare
for fossil-fired electricity. Increasing use of thfor bioenergy must come at the expense of otret |
uses, either unmanaged, managed forest, or agmeuhe second force arises because converting
unmanaged lands or managed forests to bioenergg cam result in net carbon emissions if the laal h
a lower carbon content (carbon stored per hecfdend) when used for bioenergy crops than if ilefts
existing state. As discussed in Chapter 3, MiniCApplies the value of carbon not just to the energy
system, but also to agricultural and other ten@stystems. Converting lands from higher to lower
carbon content uses therefore incurs a cost, aroeaiz penalty. This, in turn, limits the amount of
forests or unmanaged lands that will be convedadenergy crop production (and agriculture).

Figure 5.7 shows the distribution of land useslierLevel 1 scenarios (roughly 450 ppmv) with

reference technology and advanced technology.d\tivanced Technology Scenario, the land dedicated
to bioenergy crops (roughly 100 million hectaresbgllly) is larger than in the Reference Case (rbugh

25 million hectares globally). The land for bioemers not larger than this for several reasons.dre,

the Advanced Technology Scenarios include assungpfir hydrogen production and use that make it a
viable alternative transportation fuel for at les@ine portion of the transportation system. Thiskns

the demand for bio-based oil substitutes. The AdedrTechnology Scenarios also incorporate a dexreas
in all energy demands, including transportation aed) of roughly 10% by the end of the century due t
increase end-use efficiency. There are also maeeaftective options for reducing carbon emissions
from electricity in the Advanced Technology Sceasyiso more carbon can be cost-effectively removed
from electricity production in these scenariosu@dg the need for low-carbon alternatives in
transportation applications. For all of these reasalong with the increasing value of carbon |ainel
required for bioenergy does not impinge on othed lases in the Advanced Technology Scenarios, even
under the most stringent stabilization level.

The Level 1 Baseline Scenario (i.e., with refereieofinology) provides a different perspective. With
reference technology, hydrogen is not as viablepion; energy-efficiency improvements are lower in
all sectors, which drives up the associated endegyands; and there are fewer alternatives for ieguc
emissions from electricity production. These fagtaiken together lead to increased production of
bioenergy, particularly in the second half of tleattry. This increased production is supplied by
converting unmanaged lands and managed forestegodrygy crops, which leads to a net release of
carbon to the atmosphere. This, in turn, necessigtteater reductions in carbon emissions fromlfoss
and industrial sources to meet the same carbortrearts

At the same time, it is important to note that lted requirements for bioenergy in the Advanced
Technology Scenarios, as well as the Baseline $ospaxtend beyond dedicated biomass crops.
Although energy crops are not as widely used inditheanced Technology Scenarios as in the Baseline
Scenarios, biomass from residue and waste sowwsdl used for energy purposes in these scenasos
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it has fewer land-use implications. The specifisuasptions used in this study tend to limit the ofse
biomass crops in the Advanced Technology Scenaidgferent set of assumptions, particularly those
for biomass crop production and biomass conveitgionnologies, could result in a different outcome f
biomass crops.

Reference Technology Advanced Technology

B Crops Pasture B Crops Pasture
o Forest H Bio Energy

W Unmanaged

M Forest M Bio Energy
B Unmanaged

Billion Hectares
Billion Hectares

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Year Year

Figure5.7. Global distribution of land uses for Level 1ksliaation (450 ppmv) with reference
technology and advanced technology

54.2 Terrestrial Sequestration

Terrestrial carbon sequestration in the Advancezhielogy Scenarios differs from the Reference Case
along two dimensions: the total quantity of temiessequestration over the century and its timihatal
potential carbon sequestration from the terrestpéions ranges from 0 to 0.8 GtC per year with
approximately half of terrestrial carbon sequegireattributed to reforestation. Terrestrial sedua®on
characteristics of the Advanced Technology Sceramie shown in Figure 5.8.

As discussed in Chapter 3, sequestration in agui@llsoils and pasture land follow identical tipehs,
with differing totals. In Level 1, sequestratiortigities are larger and more focused on the nean.te
Much of the potential is exploited over the nextesal decades. Over the remainder of the century,
additional sequestration includes the decliningigptfrom lands that already converted to highdvaar
content applications, as well as additional apfilice that become economically viable as the vafue
carbon increases. In contrast, sequestration s and pasture is more stable under the leasgstmin
constraint, Level 4. The lower value of carbon tetmsteadier turnover of lands to carbon sequegter
processes over the century.

Reforestation is initiated only when the value afon reaches $10 per tonne. This is a larger price
signal than is required for sequestration in adjtical soils and pasture, because of the econosniefits
associated with soil sequestration even withoustraints on carbon. This means that reforestation
begins later than the other two terrestrial seqatish options, except under the most stringenstamt,
where all options are exercised quickly. In theelel/scenarios, reforestation does not begin inesar
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until after mid-century. Reforestation sequestratifso attenuates more rapidly from its peak than
sequestration in agricultural soils and pasture.
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Figure5.8. Terrestrial sequestration in the Advanced TeldgywScenarios

Note that reforestation in the results presentddigreport refers to deliberate reforestatioarafas not
otherwise used for agriculture. Avoided deforestais often also accounted for under the term
reforestation, but this is not the case here. Aetbideforestation is deforestation that would oactine
Reference Case but does not happen in a policydtest consideration of the value of standing @arb
stocks. In this analysis, the portion of avoidetbdestation that occurs due to the expansion af fan
biomass crops is accounted for as described indd€et.1. This is not shown in the graphs below.

5.5 Technology Contributionsto Emissions Reduction

Section 5.3 discussed how a diverse range of erteatpologies contribute to the shifting energytesys
portfolio necessary to achieve stabilization. Tdigersity is part of every scenario, across staéiion
levels and technology assumptions. A similar themerges when examining the contributions of
different technologies, including terrestrial sestuation and technologies for reducing non,CO
greenhouse gas emissions, to emission reducti@hstahilization.
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One approach to comparing contributions of theoteritechnologies is to allocate cumulative carbon
emissions reductions based on changes in the dapldyor use of technologies relative to the Refazen
Case. The results of such an exercise are shotigime 5.9 and Figure 5.10. Figure 5.9 shows the
contributions of different energy technologies aftkerrestrial sequestration over the century duoeng
CO, emissions. The bottom wedge represents the vemegsions of CQin the scenario, and the
wedges above show the reductions i, @@issions from the Reference Case, allocatectmttogy
areas. Figure 5.10 shows the cumulative, €@issions reductions over the century, and it also
incorporates the contributions of reductions in-@f, greenhouse gas emissions, converted intg CO
equivalent term&?

These figures are valuable tools for conveyingréative importance of different technologies, ant
important aspect of these representations shoukgein mind. The figures are based on the chaimges
technology contributionselative to the Reference Casdence, if a technology is deployed substantially
in the Reference Case and its deployment doesaatdse dramatically in the stabilization case, ite
allocation of emissions reductions will not be yuiépresentative of its actual deployment and astaut
importance in stabilization. For example, solar i power, nuclear power, biomass energy, and
terrestrial sequestration are all deployed to kewadll above those of today in the Reference Ciseh
deployment is not reflected in the carbon emissiedsictions allocations shown in the figures.
Conversely, carbon capture and storage technotoggly deployed in the stabilization cases, so its
allocation is representative of its full deploymanany scenario. A second caveat is that theme is
single way to develop an appropriate accountingp@fcontributions of different technologies, and
different methodologies will yield different reladi roles of different technologies. For both ofsine
reasons, the allocations should be taken as inicat important themes and dynamics, but literal
interpretation of precise emissions reductionsgajmology is inappropriate

Nevertheless, the figures effectively illustratee afi the most important characteristics of theikzaition
scenarios. As is the case with the energy systfiligation is not a result of a single technology
Stabilization is achieved through the cumulativatdgbutions from a range of technologies and
technology areas. For the least stringent scenatioat is, the Level 4 scenarios—Ilower-cost actimns
reduce emissions through control of non@@eenhouse gases, energy end-use reductionsttiaire
sequestration, and adjustments in the mix of fdgeik are largely sufficient actions to take iisth
century to put emissions on a course toward stalitin in some time period after the’2®ntury. But
the more stringent the stabilization level, the enthrese lower-cost actions must be supplemented by
increased deployment of low- or zero-carbon ensogyces. The mix of these sources varies by the
scenario, because the underlying technology assomsptary.

2 The non-CQ@ greenhouse gas contributions were converted tpegQOivalents based on the radiative forcing redustin the
non-CQ greenhouse gases relative to the reference. fiestadiative forcing reductions in 2100 for no® greenhouse gases
relative to the reference case (reference techgaaod no policy) were determined for each scen&téxt, a range of MiniCAM
runs was conducted to ascertain the relationshipdsm cumulative COemissions over the century and radiative forcnognf
CO, at the end of the century in these scenarioslIFirhis relationship was combined with the radiatforcing benefits from
non-CQ greenhouse gas reductions to obtain a cumulategquivalent reduction in non-G@reenhouse gases. This
approach provides a more accurate appraisal a&@eequivalent contribution of the non-G@reenhouse gases than does the
use of global warming potentials. (Note this idati#nt than the approach that was used to obtairQ@ greenhouse gas
emissions reductions)

5.15



Level 4

Leve 3

GtClyr

GtClyr

Closing the Loop on Carbon

Vented Emissions

0

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Year

Vented Emissions

0

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Year

GtClyr

New Energy Backbone

Vented Emissions

0 T

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Year

5

Vented Emissions

0

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Year

5.16

GtClyr

Beyond the Standard Suite

Vented Emissions

0 T

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Year

5

Vented Emissions

0

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Year



Level 2

Level 1

GtClyr

GtClyr

Vented Emissions

0 T T T T T T T T T

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Year

Vented Emissions

0 T T T T T

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Year

Closing the Loop on Carbon

mAdditional Terrestrial Sequestration = Fossil & Cement CCS
m Other Advanced Technology

m Commercial Biomass

GtClyr

Vented Emissions

0

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Year

25

20 1

5

Vented Emissions

0

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Year

New Energy Backbone

Nuclear
m Fuel Mix Changes

GtClyr

Vented Emissions

0 T

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Year

Vented Emissions

0

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Year
Beyond the Standard Suite

m Renewables
Energy Use Reduction

Figure5.9. Contributions to C@emissions reductions across stabilization scemario

5.17



1,400

Level 1
(=450 ppmv)
1,200 -ERE R e e i e
1,000 + - - =i f=================================1
Level 2
g (=550 ppmv)
o 800+ BB
-% Level 3
= (= 650 ppmv)
IR NN R .
3 N IWI M ‘ Le(;/e|4
=75 mv
a0 [] 8 ml (=750 pPmy)
‘
B ST
07 V27224
BSS CLC NEB BSS CLC NEB BSS CLC NEB BSS CLC NEB
m Additional Terrestrial Sequestration Fossil & Cement CCS
Nuclear M Renewables
m Commercial Biomass m Breakthrough Technology
m Fuel Mix Changes Energy Use Reduction
® Non-CO2 GHGs

Figure5.10. Cumulative emissions reductions by source, 200083

The diversity of technologies contributing to eross reductions is apparent not just across saesari
but also within scenarios: a range of technologyoog are valuable in any future in which the witsrld
nations choose to limit greenhouse gas emissiosisligeussed above, this diversity arises both lsecau
there are options for reductions in a range ofrieldgy areas and because it is very difficult foy a
single technology, by itself, to accomplish all tiexessary reductions. For example, carbon captute
storage is potentially an enormously valuable tetdgy for limiting CG emissions, but it will probably
be used primarily in electricity generation. Thare a range of energy uses for which electricity mat
be a viable alternative, including portions of thensportation system, such as air travel, light-du
vehicles (absent substantial advances in battehntdogy), and many industrial applications thajuiee
very high temperature process heat that is moeei@fEly generated by direct combustion instead of
electricity-powered heating processes. These siosnzannot prove that there will not be a singlees
bullet technology that addresses climate changehly do show the powerful logic that supports a
diversified technology approach.

5.6 Advanced Technology and the Costs of Stabilization

To illustrate the economic benefits of the Advantedhnology Scenarios, the annual and cumulative
costs of emissions reductions were estimated fdn seenario by comparing the costs in the Advanced
Technology Scenarios to those associated with #sele Scenarios that achieved the same level of
emissions reductions but without advanced techiyaolog., with reference technology assumptionske Th
comparison suggests the extent to which advanchdaddogy could reduce the costs, should the
technologies advance as assumed.
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Figure5.11. Total annual global costs of constraining carbomissions across scenarios (undiscounted
in 20009%)

Figure 5.11, Figure 5.12, and Figure 5.13 proviogresults from the scenarios. Figure 5.11 shbevs
annual costs, over the 2gentury, of reducing carbon emissions in the Bas&cenarios (using
reference technology) and in the three Advancedhfi@ogy Scenarios. Figure 5.12 and Figure 5.13
show the cumulative costs over the century, plodigainst the level of emissions reduction, using
different discount rates. Figure 5.12 sums costs tmne using a 5% discount rate. The positivealist
rate in Figure 5.12 accounts for the fact thatgaiibon costs incurred at any point in time prevent
investments in other parts of the economy, ancetimegestments would have yielded benefits to sgciet
in excess of the amounts that were invested. Bhasprimary reason why many economic analyses use
discounting to determine what is known as the priegaglue of future income of cost streams. Howeaer,
range of rates are used for discounting investmants, further, the enormously long timeframe
associated with climate change raises a numbeffmiult issues associated with the appropriateicho

of a discount rate that have never been satisfctesolved. To provide a benchmark, Figure 5.481s
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the annual costs with no discounting. Not surpgisinit provides substantially higher cumulativesto
values; however, the relative costs are similanggtechnology assumptions.

The cost results from these scenarios should bepireited only as indicative of the character ofs;os
they should not be taken as precise estimatesgef@ral reasons. For one, these cost results are no
comprehensive in their accounting of mitigationtspbecause they do not account for the costs of
reducing non-C@greenhouse gases nor do they account for any @sstgiated with implementing
additional terrestrial sequestration. The cost nensilare also based on the assumption of a fully
cooperative and economically efficient global agitoto climate mitigation, as would be the casé wit
global tradable permit scheme or a global monetahye placed on carbon that rises gradually ovee ti
Real-world approaches to climate mitigation cowddidte substantially from this ideal, and the
associated costs could be much higher. In additien¢costs are based on the large set of model
assumptions supporting all of these scenariosekzifft assumptions about key drivers, such as
population growth, economic growth, and technolabahange, could dramatically alter these cost
results. Assumptions embodied in the architectitheomodel, such as the flexibility to substitute
electricity for fossil fuels in end-use applicatiprrould also have large effects on costs. Foethed
other reasons, it is important to focus on ordéreagnitude and relative differences among scesario
when interpreting cost numbers from integratedsssaent models such as MiniCAM. In addition,
differences in costs between the Advanced Techgdbmgnarios should not be emphasized, because the
scenarios were constructed so that the costs vinmutdlatively similar. The most appropriate conmgani
is that between the whole set of Advanced TechryoBigenarios, on the one hand, and the Baseline
Scenarios on the other.

These caveats aside, the cost trajectories exdabéral characteristics that are common to the cost
analyses of climate mitigation found in the puldidhiterature. For example, across scenarios, costs
begin low and rise over time. As has been discussprevious sections, a gradual increase in theeva
of carbon, and therefore the degree of mitigatioeh the associated costs, is a characteristic ajatibn
approaches that minimize the present value of eiheutative costs of mitigation. Total annual costs a
also higher in the more stringent stabilizatiomse®s, as one would expect. And the differencevéen
costs increases as the emissions constraint beaooresstringent. An important reason for this &t ths
the level of the emissions reduction increasefiaramust be removed from more and more costly
sources. For example, in many scenarios, removedrdfon from the electricity sector is less cosibn
from the transportation sector because there are low- or zero-carbon substitutes in the elediyici
sector than in the transportation sector. In suchsa, initial emissions reductions therefore are
concentrated more heavily in the electricity seatwd then gradually move to the more costly redusti
in transportation.

By far, the most important insight of the cost tesis that technology advancement has serious
implications for the costs of stabilization. Thestbenefits of the additional technological advanoethe
Advanced Technology Scenarios, relative to theregfee technology assumptions, reach into theotnidli
of dollars on an annual basis, and tens of trifiohdollars on a cumulative basis, when the distoate

is taken to be 5%. Without discounting, the impioc&of costs in the latter part of the century is
magnified. In this case, the total cumulative @astings can be as high as hundreds of trilliordodérs.

In percentage terms, the advanced technology assumsrovide cost reductions of 60% or more over
the course of the century across the scenariadl.ttie technological advances are combined (seérth
marked “All Advances” in Figure 5.12 and Figure®,lthere are additional benefits beyond any of the
three individual Advanced Technology Scenarios thatbenefits are not additive because many of the
technologies are substitutes.
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6.0 Summary

This final chapter first summarizes the purposaraf approach to the scenario analysis presentée in
previous chapters, and then concludes the repgtdmyng the results of the scenario analysis tinéo
context of the strategic goals of the U.S. Clim@kange Technology Program (CCTP).

6.1 Summary of Purpose and Approach

The analysis described in this report was conduatedpport of the ongoing strategic planning pssce

of the CCTP. It was conducted by staff membersaaiffe Northwest National Laboratory (PNNL),
working primarily at the Joint Global Change Reshdnstitute—a collaboration between PNNL and the
University of Maryland at College Park.

The main focus of the work was to analyze the tlod advanced technology could play in stabilizing
concentrations of the greenhouse gases, whichdaeaarbon dioxide (C{ methane (Cl), nitrous

oxide (NO), and fluorinated gases such as halocarbons. iBgdast century, global population and
economic growth have been leading to increasedsémnis and concentrations of these greenhouse gases.
Although the impact of these increasing concemngtis not completely understood, concern is grgwin
and various means for reducing these emissionseding explored. Advanced technology is an important
component of any emissions reduction scheme, begtisspotentially the key to lowering the costs o
emissions reductions.

To help in its strategic planning process, PNNL wasis2d by the CCTP to assist in a scenario analysis
focused on the role of advanced technology. Rirstking closely with the CCTP, and aided by a revie

of published scenario analyses, PNNL conceivetiraft distinct classes of technology futures, reterr

to as Advanced Technology Scenarios, that couldi tedower greenhouse gas emissions. Then, working
with CCTP Working Groups and technology expertsNENmplemented illustrative examples of each of
these general classes in the MiniCAM integratedssaent model by specifying a distinct set of
underlying technology assumptions for each. Thiksstriative examples were used to illuminate the
energy, economic, and emissions implications ohedi¢he three technology futures, and of the oble
technology in stabilization more generally.

Recognizing the uncertainties associated withekellof emissions reductions that might be needed t
mitigate future climate-related impact, the scemanalysis was designed to examine each of the thre
Advanced Technology Scenarios under a range cditigdiforcing and associated emissions
constraints—from a constraint of 3.3 Wrfapproximately equivalent to stabilization of £O
concentrations at 450 ppmv) to a constraint oMBrB? (approximately equal to stabilization at 750
ppmv CQ), as well as constraints of 4.5 Wrand 5.6 W7 that fell in between.

The Advanced Technology Scenarios were comparadeference Case—a hypothetical technological
future without emissions constraints but with sahsal advances in virtually all of the technolaic
areas important for greenhouse gas emissions fedsicenergy supply technologies, end-use
technologies, agricultural technologies, and tetdgies for reducing the emissions of non-CO
greenhouse gases. Even when this technologicatge®gs assumed to occur, energy demand and
greenhouse gas emissions increase significanttigdognd of the Zicentury. The Reference Case
provides an indication of the possible level of &gitns that may occur in the absence of any actions
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aimed at greenhouse gas emissions mitigation amcklgives an indication of the scale of the chaken
associated with stabilizing greenhouse gas coratgons. It also provides reference points to whieh
energy and emissions levels in the emissions-cainstl scenarios can be compared.

To estimate cost savings associated with Advaneetiifology Scenarios, the analysis also includes fou
Baseline Scenarios that simulate how the four eg€kemissions constraints would be met using
technologies from the Reference Case. Box 6-1 amtaore detail on the 17 scenarios examined in the
study (see Chapter 2 for additional informationuglibe scenarios).

Box 6-1
Scenarios Examined in the Study

The 17 scenarios include the Reference Case and four sets of scenarios with greenhouse gas emissions
constraints (each set has four different levels of emission constraint). One set of emissions-constrained
scenarios (the Baseline Scenarios) assumes reference case technologies are available to meet the
emissions constraints, and three sets of emissions-constrained scenarios assume advanced technologies
become available. The scenarios are summarized as follows:

» A Reference Case scenario represents a hypothetical technological future, where greenhouse gas
emissions are not constrained, but where significant technical improvements are achieved in a broad
spectrum of currently known or available technologies for supplying and using energy. This scenario
results in improvements in global greenhouse gas intensity over time, but emissions of many
greenhouse gases, including CO3, continue to rise over the century. This scenario provides a point of
departure for exploration of the Advanced Technology Scenarios.

» A set of four Baseline Scenarios use the Reference Case technology assumptions but apply four
hypothesized greenhouse gas emissions constraints. Because these scenarios require emission
reductions from the Reference Case, low- or zero-emission technologies and other means to reduce
greenhouse gas gases are deployed at higher rates in these baseline emission-constrained scenarios
than in the Reference Case. The Baseline Scenarios provide energy and mitigation cost projections to
which the energy mix and costs in the Advanced Technology Scenarios can be compared.

» Each of the three Advanced Technology Scenarios includes a distinct set of technology advancements,
beyond those in the Reference Case. Each of these, in turn, is also applied under the four greenhouse
gas emissions constraints (for a total of twelve Advanced Technology Scenarios). The Advanced
Technology Scenarios include:

Closing the Loop on Carbon, which assumes successful development of carbon capture and storage
technologies for use in electricity, as well as in applications such as hydrogen and cement production.

New Energy Backbone, which assumes additional technological improvement and cost reduction for
carbon-free energy sources, such as wind power, solar energy systems, and nuclear power.

Beyond the Standard Suite, which assumes major advances in breakthrough technologies, such as
nuclear fusion, space-based solar power, or biotechnology, that can provide zero-carbon energy at
competitive costs in the second half of this century.

A number of features are common to all three Advanced Technology Scenarios, including:

0 Additional gains in energy efficiency beyond the Reference Case
0 Additional improvements in technologies for managing non-CO, greenhouse gases

0 Additional improvements in technologies for sequestering carbon in agricultural soils and
pasture lands and for reforestation.
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Under the assumptions used in this study, cum@afiobal emissions reductions over the courseeof th
21% century would have to be on the order of 300 Gt€CA00 GtC, including reductions in non-£O
greenhouse gases converted to equivalent unit©gftQ stabilize radiative forcing from greenhouse
gases at the four stabilization levels. These ol (or avoidances) would be in addition to the
emissions avoided by the substantial energy-effayiemprovements and G@mission-free energy
sources already assumed (embedded) in the Refeasee Technology advancements could make such
reductions much more feasible in the context oheauc growth.

6.2 Scenario Resultsin the Context of CCTP Strategic Goals

Each of the Advanced Technology Scenarios assudwesees in particular classes of technology;
however, all scenarios result in a mix of enerdicieincy and energy supply technologies, as well as
contributions to emissions reductions in non@@enhouse gases and carbon sequestration isttizdre
systems. Given the scale of the challenge, nossiteghnology or class of technology provides, bglit
the quantity of greenhouse gas emissions reductieeded to achieve stabilization of greenhouse gas
concentrations or radiative forcing at the levedareined in this study. Instead, technological adean
aimed at the following four broad areas, correspantb four of the CCTP emissions-reduction goals
(CCTP 2005), combine forces to provide the neededriouse gas emissions reductions:

1. Energy End Use and Infrastructure

2. Low- and Zero-Emissions Energy Supply
3. CO, Capture/Storage and Sequestration
4

Non-CQ, Greenhouse Gases.

Figure 6.1 and Table 6.1 show the contributionoof CCTP technology categories (directly linked to
the four CCTP goals stated above) to cumulativergreuse gas emissions reductions in tiec2htury
beyond the Reference Case. Based on the assumpsedsn this set of scenarios, no one area was
markedly more or less important than others. Theutative 100-year emissions reductions associated
with each of the four core technology areas rangm 20 GtC to over 300 GtC. Note that Figure 6.1
reflects the potential reductions beyond the RefegeCase, and the Reference Case already assumes
significant improvements in end-use energy intgresitd supply-side energy technology efficiency,
including significant market penetration of carlfoee renewable and nuclear energy. This should be
factored into the interpretation of the contribngshown in the figure.

Within Figure 6.1 and Table 6.1, “Energy End Usd hnfrastructure” includes reductions in total
primary energy use through efficiency improvememtsoth end-use technology (e.g., energy-consuming
technology in buildings, industry, and other sexf@nd energy supply (e.g., improvements in the
efficiency of fossil-fueled power plants), as weedl through price-induced energy conservation .,
energy prices rise, energy users consume lessygnéggergy Supply” in the figure includes increase
the market penetration of carbon-free or near ast-emissions energy supply technologies, such as
nuclear, wind, solar, and biomass, that lead tactoins in CQ emissions compared to those in the
Reference Case. The “Sequestration” category ieslterrestrial sequestration in forests and seilsedl
as carborapture and storage. Finally, the “Other Greenh@esges” category includes reductions of
non-CQ greenhouse gases. (Note that emissions reductimmschanges in the fossil fuel mix are not
included in the figure and table.)
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Potential Contributions to Emissions Reduction
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Note: The thick bars show the contribution in the scenarios that corresponds roughly to
Level 2 (roughly 550 ppmv CO,), and the thinner bars show the variation in the
contribution between the most stringent constraint and the least stringent constraint.

Figure6.1. Contributions to cumulative emissions reductietween 2000 and 2100 in the Advanced
Technology Scenarios corresponding to the four CGdadds

Table 6.1. Contributions to cumulative emissions reductietween 2000 and 2100 in the Advanced
Technology Scenarios corresponding to the four CGdadds

Most Least
Stringent Stringent
Constraint: Constraint:

Level 1 Level 2 Level 3 Level 4
CCTP Strategic Goal (33Wm?| 45Wm?) |(5.6 Wm?)| (65Wm?)
Goal #1. Reduce Emissions from Energy End Use & 250 - 270 190-210| 150-170 110 - 140
Infrastructure
[Goal #2. Reduce Emissions from Energy Supply 1BB0-| 110-210| 80-140 30 - 80
[Goal #3. Capture and Sequester Carbon Dioxide B30 50-140 30-70 20 - 40
[Goal #4. Reduce Emissions of Non-OGreenhouse Gases 160-170 140-150 120 -/130 - 180

An important implication of the scenarios is thalbstantial roles for each of these CCTP goals are
plausible for a variety of technologies across @ewange of futures. Future technological advances
cannot be predicted today, so any number of tecigied may take on substantial future roles, depgndi
on how well they progress. Furthermore, even ifigle technology were to make dramatic leaps
forward, the magnitude and complexity of the climelhange challenge likely would allow for substanti
contributions from a variety of technologies. Frample, a future that includes significant penéairabf
CO, capture and storage does not necessarily implysnal role for nuclear and renewable energy, and
a future that transitions to nuclear and/or rend&vabergy does not necessarily mean an end tcsthefu
fossil fuels over the remainder of the century. &dtgss of the primary energy mix, there are ingurt
opportunities to reduce energy consumption, diyesgjuester carbon from the atmosphere, and manage
the emissions of the non-G@reenhouse gases.

6.4



The Advanced Technology Scenarios also illustiaestrong contributions advanced technologies can
make toward lowering greenhouse gas emissionsh@nasisociated costs. In fact, the specific cases
modeled suggest that accelerated technology dewelojpoffers the potential to reduce the cost of
stabilization by hundreds of billions to trilliowd dollars globally. This is illustrated in FiguBe2, which
presents the results of the comparative analydiseo€umulative, undiscounted costs of greenhoase g
mitigation over the course of the*2dentury, with and without the accelerated advantéschnology,
across the range of Advanced Technology Scenamsaiously greenhouse gas emissions constraints.
(Note: this figure is based on Figure 5.10 in Chapt) The relative cost reductions are significarall
cases. As one would expect, the absolute costtiedaare more significant under the higher emrssio
constraints. (Note that cumulative costs have lagleled without discounting in the figure; see Chapte
for discussion of the costs under a 5% discour).rat

The analysis also provides insight into the posgméquirements for the timing of commercial readis

of advanced technology to meet stabilization goalsummary of the timing of the first GtC/yr of
emissions reductions below the Reference Case,rshpW CCTP strategic goal, is presented in Table 6.2
In general, the higher the emissions constraiststioner the advanced technologies are needed and
deployed. Under the most stringent emissions cainstremissions reductions occur within a matter of
decades. Allowing for capital stock turnover angeotinertia inherent in the global energy systeh an
infrastructure, technologies with low or near-zeeb emissions characteristics would need to bdablai
and moving into the marketplace years before thiege shown on Table 6.2.
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Figure6.2. Cumulative costs of emissions reduction over2tieCentury with and without advanced
technology
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Table 6.2. Estimated timing of the first GtC/yr of avoideghissions for Advanced Technology Scenarios

Greenhouse Gases

Most Least
Strigent Stringent
Congtraint: Constraint:
Level 1 Level 2 Level 3 Level 4
CCTP Strategic Goal (33Wm? | @5Wm? | 56Wm? | (65Wm?
Goal #1. Reduce Emissions from Energy End Use 2010 - 2020 | 2030 -2040 2030 -20%0 2040 - 2d60
& Infrastructure
Goal #2. Reduce Emissions from Energy Supply| 20p@0 | 2040-2060 2050-2070 2060 - 21{0
Goal #3. Capture and Sequester Carbon Dioxide 2@P80 2040 or 2060 or Beyond 2100
Later Later
Goal #4. Reduce Emissions of Non-£O 2020-2030| 2050-2060 2050-2060 2070 - 2(1|80
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Figure A.1. Non-CQ greenhouse gas emissions by scenario, convertagtion equivalents
using global warming potentials
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Figure A.5. Baseline Scenario, Level 2
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Figure A.6. Baseline Scenario, Level 1
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FigureA.8. Closing the Loop on Carbon, Level 3
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Figure A.11. New Energy Backbone, Level 4
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Figure A.12. New Energy Backbone, Level 3
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Figure A.13. New Energy Backbone, Level 2
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Figure A.14. New Energy Backbone, Level 1




STV

World Primary Energy Demand, 1990-2100

1,400
1,200
1,000
. 800
>
;
* 600
400
200
0
1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
W Fossil w/o Capture & Storage W Fossil w/ Capture & Storage
Nuclear H Renewables
B Commercial Biomass M Breakthrough Technology
Energy Use Reduction
Released (Vented) and Mitigated Emissions,
1990-2100
25
20
15
=
O
&5 104
5
0
1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Year
B Net Vented Emissions M Additional Terrestrial Sequestration
W Fossil & Cement CCS Nuclear

B Commercial Biomass
B Fuel Mix Changes

H Renewables
B Breakthrough Technology

World Primary Energy Demand
Cumulative, 2000-2100

Energy Use
Reduction
10%

MW Breakthrough
Technology
2%

m Commercial
Biomass 5%

W Renewables
10%

Nuclear 7%

W Fossil w/o

Capture &
Storage 66%

B Fossil w/
Capture &
Storage 0%

Energy Use Reduction

GtC

Mitigated World Carbon Emissions
Beyond the Reference Case
Cumulative, 2000-2100

300 4

250 +

200 +

150 -

100 -

50 +

Im - ‘N S
c [7p] E 2] E ~

= 7] e =1

3 o o © @t

Fuel Mix

Changes

Energy Use
Reduction

Figure A.15. Beyond the Standard Suite, Level 4
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Figure A.16. Beyond the Standard Suite, Level 3




LTV

World Primary Energy Demand, 1990-2100

1,400
1,200
1,000
. 800
>
;
4 600
400
200
0
1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
W Fossil w/o Capture & Storage W Fossil w/ Capture & Storage
Nuclear B Renewables
B Commercial Biomass M Breakthrough Technology
Energy Use Reduction
Released (Vented) and Mitigated Emissions,
1990-2100
25
20
15
=
O
&5 104
5
0
1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Year

B Net Vented Emissions B Additional Terrestrial Sequestration
W Fossil & Cement CCS Nuclear

H Renewables B Commercial Biomass

B Breakthrough Technology B Fuel Mix Changes

World Primary Energy Demand
Cumulative, 2000-2100

Energy Use
Reduction
19%

B Fossil w/o
Capture &
Storage 52%

MW Breakthrough
Technology
3%

B Commercial
Biomass 6%

Fossil w/
Capture &
Storage 1%

W Renewables
11%

Nuclear 8%

Energy Use Reduction

GtC

Mitigated World Carbon Emissions
Beyond the Reference Case
Cumulative, 2000-2100

300 -
250 A
200 A
150 -
100 4
50 A
O,
=<3 9] T %] = < o, x 0 o -
BTIS 0 o = 8 983 =% 3¢
C® ®] 3] = o) =& =
ggg = 5 § 58 38S =%
S ns = <} T © 3]
=3 ©VE = = E E £ c S c =)
%0 %0 ] 1] £c Lo 3
=35 Q£ c 0 T O I}
§iz o§ g 8% I8 e
3 O o

FigureA.17. Beyond the Standard Suite, Level 2
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Figure A.18. Beyond the Standard Suite, Level 1




Appendix B: Scenario Summary Data
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Annual Primary Energy (E]/yr): Reference Case

Appendix B: Scenario Summary Data

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Fossil w/o Capture &
Storage 295 353 421 498 569 636 698 758 818 878 902 925
Fossil w/ Capture & Storage 0 0 0 0 0 0 0 0 0 0 0 0
Nuclear 19 21 28 38 51 60 66 80 91 97 98 99
Renewables 21 26 37 53 73 89 101 111 124 138 146 155
Commercial Biomass 10 22 31 37 4.4 50 53 57 62 69 71 73
Brealzthrough Technology 0 0 0 0 0 0 0 0 0 0 0 0
Energy Use Reduction 0 0 0 0 0 0 0 0 0 0 0 0
Total 345 422 517 626 738 834 917 1,007 1,095 1,182 1,217 1,252
Annual Emissions & Emissions Reductions (GtC/yr): Reference Case

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Net Vented Emissions 6.1 6.9 8.5 10.3 11.8 13.3 14.7 16.3 17.9 19.7 20.7 21.7
Additional Terrestrial
Sequestration 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fossil & Cement CCS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Nuclear 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Renewables 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Commercial Biomass 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Brealethrough Technology 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fuel Mix Changes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Energy Use Reduction 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 6.1 6.9 8.5 10.3 11.8 13.3 14.7 16.3 17.9 19.7 20.7 21.7
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Annual Primary Energy (EJ/yr): Baseline Level 4

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
F‘ossil w/o Capture & Storage 295 353 417 487 548 599 640 662 676 680 633 585
Fossil w/ Capture & Storage 0 0 0 0 0 0 0 0 0 1 1 2
Nuclear 19 21 28 39 53 63 71 88 104 117 130 141
Renewables 21 26 37 53 74 90 103 115 129 145 154 162
Commercial Biomass 10 22 31 37 45 50 55 61 72 88 114 140
Brealzthrough Technology 0 0 0 0 0 0 0 0 0 0 0 0
Energy Use Reduction 0 0 3 9 18 32 50 80 114 151 186 223
Total 345 422 517 626 738 834 917 1,007 1,095 1,182 1,217 1,252
Annual Emissions & Emissions Reductions (GtC/yr): Baseline Level 4

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Net Vented Emissions 6.1 6.9 8.4 9.9 11.0 11.9 12.6 13.0 13.4 13.8 13.1 12.3
Additional Terrestrial
Sequestration 0.0 0.0 0.0 0.1 0.2 0.3 0.4 0.4 0.4 0.3 0.3 0.2
Fossil & Cement CCS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Nuclear 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.4 0.6 0.9 1.2 1.5
Renewables 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.3 0.5 0.7 0.8 0.9
Commercial Biomass 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.2 0.4 0.8 1.4 2.0
Breakthrough Technology 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fuel Mix Changes 0.0 0.0 0.0 0.1 0.1 0.3 0.5 0.8 12 1.4 1.7 2.0
Energy Use Reduction 0.0 0.0 0.1 0.2 0.3 0.5 0.6 1.0 1.3 1.8 2.2 2.7
Total 6.1 6.9 8.5 10.2 11.8 13.2 14.6 16.2 17.9 19.6 20.6 21.6
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Annual Primary Energy (EJ/yr): Baseline Level 3

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
F‘ossil w/o Capture & Storage 295 353 414 477 531 570 595 508 590 572 501 430
Fossil w/ Capture & Storage 0 0 0 0 0 0 0 1 1 2 4 6
Nuclear 19 21 28 40 55 66 75 96 117 136 156 173
Renewables 21 26 37 53 75 92 105 118 134 150 158 165
Commercial Biomass 10 22 31 37 45 51 56 65 83 110 163 216
Brealzthrough Technology 0 0 0 0 0 0 0 0 0 0 0 0
Energy Use Reduction 0 0 6 18 33 55 86 128 170 213 236 263
Total 345 422 517 626 738 834 917 1,007 1,095 1,182 1,217 1,252
Annual Emissions & Emissions Reductions (GtC/yr): Baseline Level 3

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Net Vented Emissions 6.1 6.9 8.3 9.6 10.4 11.0 11.2 11.3 11.4 11.2 10.0 8.7
Additional Terrestrial
Sequestration 0.0 0.0 0.0 0.1 0.3 0.4 0.5 0.4 0.4 0.3 0.2 0.2
Fossil & Cement CCS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1
Nuclear 0.0 0.0 0.0 0.0 0.1 0.2 0.4 0.7 1.0 1.4 1.8 2.2
Renewables 0.0 0.0 0.0 0.0 0.1 0.2 0.3 0.6 0.7 0.9 0.9 1.0
Commercial Biomass 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.4 0.8 1.3 2.5 3.6
Breakthrough Technology 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fuel Mix Changes 0.0 0.0 0.0 0.1 0.3 0.6 1.0 13 1.7 1.9 2.3 2.6
Energy Use Reduction 0.0 0.0 0.1 0.3 0.5 0.8 1.1 1.5 2.0 2.5 2.9 33
Total 6.1 6.9 8.5 10.2 11.8 13.2 14.6 16.2 17.9 19.6 20.6 21.6




r'd

Annual Primary Energy (EJ/yr): Baseline Level 2

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Fossil w/o Capture & Storage 295 353 409 461 504 526 528 491 452 409 363 318
Fossil w/ Capture & Storage 0 0 0 0 0 0 0 2 6 11 15 20
Nuclear 19 21 29 42 58 72 84 115 147 178 198 215
Renewables 21 26 38 54 76 95 109 126 143 158 162 165
Commercial Biomass 10 22 31 37 45 52 59 80 115 164 213 262
Brealzthrough Technology 0 0 0 0 0 0 0 0 0 0 0 0
Energy Use Reduction 0 0 11 32 55 &9 137 192 234 262 266 273
Total 345 422 517 626 738 834 917 1,007 1,095 1,182 1,217 1,252
Annual Emissions & Emissions Reductions (GtClyr): Baseline Level 2

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Net Vented Emissions 6.1 6.9 8.0 9.0 9.5 9.7 9.5 8.9 8.2 7.5 6.9 6.2
Additional Terrestrial
Sequestration 0.0 0.0 0.1 0.3 0.4 0.5 0.5 0.4 0.3 0.2 0.2 0.1
Fossil & Cement CCS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.3 0.4 0.5
Nuclear 0.0 0.0 0.0 0.1 0.2 0.4 0.7 1.1 1.7 2.2 2.6 2.9
Renewables 0.0 0.0 0.0 0.0 0.1 0.3 0.5 0.8 1.0 1.1 1.0 0.9
Commercial Biomass 0.0 0.0 0.0 0.0 0.1 0.2 0.3 0.8 1.4 2.4 33 4.3
Breakthrough Technology 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fuel Mix Changes 0.0 0.0 0.1 0.3 0.6 1.0 1.4 1.9 2.4 2.8 3.1 3.4
Energy Use Reduction 0.0 0.0 0.2 0.6 0.9 1.3 1.7 2.3 2.7 3.1 3.2 3.3
Total 6.1 6.9 8.5 10.2 11.8 13.2 14.6 16.2 17.9 19.6 20.6 21.6
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Annual Primary Energy (EJ/yr): Baseline Level 1

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Fossil w/o Capture & Storage 295 353 382 381 378 327 230 196 170 151 151 151
Fossil w/ Capture & Storage 0 0 0 0 2 9 21 40 60 81 87 92
Nuclear 19 21 34 55 87 122 156 201 239 271 276 281
Renewables 21 26 40 60 90 115 134 147 159 170 174 178
Commercial Biomass 10 22 31 36 44, 79 143 184 223 261 283 305
Brealzthrough Technology 0 0 0 0 0 0 0 0 0 0 0 0
Energy Use Reduction 0 0 31 04 137 182 234 239 244 247 246 246
Total 345 422 517 626 738 834 917 1,007 1,095 1,182 1,217 1,252
Annual Emissions & Emissions Reductions (GtClyr): Baseline Level 1

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Net Vented Emissions 6.1 6.9 7.4 6.9 6.5 53 3.2 2.6 2.1 1.9 1.9 1.8
Additional Terrestrial
Sequestration 0.0 0.0 0.1 0.3 0.4 0.5 0.5 0.4 0.4 0.3 0.2 0.1
Fossil & Cement CCS 0.0 0.0 0.0 0.0 0.0 0.4 1.1 1.6 2.1 2.6 2.7 2.8
Nuclear 0.0 0.0 0.1 0.3 0.7 1.3 1.9 2.3 2.7 3.1 3.1 3.2
Renewables 0.0 0.0 0.1 0.2 0.5 0.8 1.0 1.0 1.0 1.0 0.9 0.9
Commercial Biomass 0.0 0.0 0.0 0.1 0.1 0.7 1.8 2.3 2.8 3.2 3.6 3.9
Brealzthrough Technology 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fuel Mix Changes 0.0 0.0 0.2 0.8 1.2 1.6 2.3 3.0 3.8 4.6 5.2 5.9
Energy Use Reduction 0.0 0.0 0.6 1.6 2.1 2.6 2.9 2.9 2.9 3.0 3.0 3.0
Total 6.1 6.9 8.5 10.2 11.8 13.2 14.6 16.2 17.9 19.6 20.6 21.6




9'd

Annual Primary Energy (EJ/yr): Closing the Loop on Carbon, Level 4

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Fossil w/o Capture & Storage 295 354 414 478 533 580 618 650 682 714 697 680
Fossil w/ Capture & Storage 0 0 1 3 6 8 11 14 16 19 22 25
Nuclear 19 21 27 38 50 58 63 76 85 90 91 92
Renewables 21 26 37 52 72 87 99 108 119 131 140 147
Commercial Biomass 10 22 31 36 43 47 49 52 54 56 56 55
Brealzthrough Technology 0 0 0 0 0 0 0 0 0 0 0 0
Energy Use Reduction 0 0 6 18 34 54 77 107 138 172 212 252
Total 345 422 517 626 738 834 917 1,007 1,096 1,182 1,217 1,252

Annual Emissions & Emissions Reductions (GtClyr): Closing the Loop on C'arl)on, Level 4

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Net Vented Emissions 6.1 6.9 8.3 9.7 10.9 11.9 12.6 13.2 13.8 14.5 14.4 14.3
Additional Terrestrial

Sequestration 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.3 0.4 0.5 0.5 0.4
Fossil & Cement CCS 0.0 0.0 0.0 0.1 0.1 0.1 0.2 0.2 0.3 0.4 0.4 0.5
Nuclear 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.2 0.2 0.3 0.4
Renewables 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.2 0.3 0.4 0.6 0.8
Commercial Biomass 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Brealzthrough Technology 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fuel Mix Changes 0.0 0.0 0.0 0.1 0.1 0.2 0.4 0.6 0.9 1.2 1.5 1.8
Energy Use Reduction 0.0 0.0 0.1 0.3 0.6 0.9 1.1 1.6 2.0 2.3 2.9 3.5

Total 6.1 6.9 8.5 10.2 11.8 13.2 14.6 16.2 17.9 19.6 20.6 21.6
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Annual Primary Energy (EJ/yr): Closing the Loop on Carbon, Level 3

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Fossil w/o Capture & Storage 295 354 412 472 521 559 585 596 602 605 560 515
Fossil w/ Capture & Storage 0 0 1 4 7 10 14 20 29 39 54 69
Nuclear 19 21 28 38 51 60 66 80 92 101 107 113
Renewables 21 26 37 52 72 88 100 110 122 136 145 154
Commercial Biomass 10 22 31 36 43 48 50 53 57 60 62 64
Brealzthrough Technology 0 0 0 0 0 0 0 0 0 0 0 0
Energy Use Reduction 0 0 8 24 44 70 103 147 193 241 289 337
Total 345 422 517 626 738 834 917 1,007 1,095 1,18 1,217 1,252
Annual Emissions & Emissions Reductions (GtClyr): C'losing the Loop on Car]aon, Level 3

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Net Vented Emissions 6.1 6.9 8.2 9.5 10.4 11.0 11.1 11.4 11.7 12.0 11.2 10.5
Additional Terrestrial
Sequestration 0.0 0.0 0.0 0.1 0.1 0.3 0.5 0.6 0.6 0.5 0.4 0.3
Fossil & Cement CCS 0.0 0.0 0.0 0.1 0.1 0.2 0.3 0.4 0.6 0.8 1.1 1.4
Nuclear 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.3 0.5 0.7 0.9 1.2
Renewables 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.4 0.6 0.8 1.0 1.2
Commercial Biomass 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.2 0.2 0.2 0.3
Brealzthrough Technology 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fuel Mix Changes 0.0 0.0 0.0 0.1 0.3 0.5 0.9 1.1 1.4 1.7 2.1 2.5
Energy Use Reduction 0.0 0.0 0.1 0.4 0.7 1.1 1.4 2.0 2.5 3.0 3.6 4.2
Total 6.1 6.9 8.5 10.2 11.8 13.2 14.6 16.2 17.9 19.6 20.6 21.6
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Annual Primary Energy (EJ/yr): C'losing the Loop on Car]aon, Level 2

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
F‘ossil w/o Capture & Storage 295 354 411 467 511 541 557 519 478 436 397 358
Fossil w/ Capture & Storage 0 0 1 4 7 12 18 38 69 110 139 168
Nuclear 19 21 28 38 51 61 68 87 104 121 131 140
Renewables 21 26 37 53 73 89 101 114 129 147 155 164
Commercial Biomass 10 22 31 36 43 48 51 56 62 69 70 71
Brealzthrough Technology 0 0 0 0 0 0 0 0 0 0 0 0
Energy Use Reduction 0 0 9 28 52 83 123 193 252 300 326 352
Total 345 422 517 626 738 834 017 1,007 1,095 1,182 1,217 1,252
Annual Emissions & Emissions Reductions (GtClyr): Closing the Loop on C'arl)on, Level 2

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Net Vented Emissions 6.1 6.9 8.1 9.2 9.8 10.1 10.2 9.6 8.9 8.3 1.7 7.0
Additional Terrestrial
Sequestration 0.0 0.0 0.0 0.1 0.4 0.5 0.7 0.6 0.5 0.4 0.3 0.2
Fossil & Cement CCS 0.0 0.0 0.0 0.1 0.1 0.2 0.3 0.8 1.5 2.6 3.2 3.7
Nuclear 0.0 0.0 0.0 0.0 0.0 0.1 0.3 0.5 0.8 1.1 1.3 1.6
Renewables 0.0 0.0 0.0 0.0 0.1 0.2 0.3 0.6 0.8 1.0 1.1 1.2
Commercial Biomass 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.2 0.3 0.4 0.4 0.4
Brealzthrough Technology 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fuel Mix Changes 0.0 0.0 0.1 0.2 0.5 0.8 1.1 1.5 1.9 2.2 2.7 3.2
Energy Use Reduction 0.0 0.0 0.2 0.5 0.9 1.2 1.7 2.5 3.2 3.7 4.0 4.3
Total 6.1 6.9 8.5 10.2 11.8 13.2 14.6 16.2 17.9 19.6 20.6 21.6
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Annual Primary Energy (EJ/yr): C'losing the Loop on Car]aon, Level 1

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
F‘ossil w/o Capture & Storage 295 354 391 407 405 371 305 272, 240 210 195 181
Fossil w/ Capture & Storage 0 0 3 9 28 60 105 155 202 243 254 264
Nuclear 19 21 30 44 65 83 100 124 142 156 159 162
Renewables 21 26 38 55 80 100 117 130 143 156 162 168
Commercial Biomass 10 22 31 37 43 51 59 70 86 106 108 109
Brealzthrough Technology 0 0 0 0 0 0 0 0 0 0 0 0
Energy Use Reduction 0 0 24 73 117 170 231 255 282 312 340 368
Total 345 422 517 626 738 834 017 1,007 1,095 1,182 1,217 1,252
Annual Emissions & Emissions Reductions (GtClyr): Closing the Loop on C'arl)on, Level 1

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Net Vented Emissions 6.1 6.9 7.5 7.2 6.9 6.0 4.6 4.0 3.5 3.2 3.1 2.9
Additional Terrestrial
Sequestration 0.0 0.0 0.1 0.4 0.6 0.7 0.6 0.5 0.4 0.4 0.3 0.1
Fossil & Cement CCS 0.0 0.0 0.1 0.2 0.5 1.4 2.8 4.0 5.0 5.9 6.2 6.4
Nuclear 0.0 0.0 0.0 0.1 0.3 0.6 0.9 1.1 1.3 1.4 1.5 1.6
Renewables 0.0 0.0 0.0 0.1 0.3 0.5 0.7 0.8 0.9 0.9 1.0 1.0
Commercial Biomass 0.0 0.0 0.0 0.0 0.1 0.2 0.3 0.5 0.7 0.9 1.0 1.0
Brealzthrough Technology 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fuel Mix Changes 0.0 0.0 0.2 0.8 1.3 1.6 1.8 2.2 2.5 2.9 3.3 3.8
Energy Use Reduction 0.0 0.0 0.4 1.3 1.8 2.4 2.9 3.2 3.6 4.0 4.3 4.7
Total 6.1 6.9 8.5 10.2 11.8 13.2 14.6 16.2 17.9 19.6 20.6 21.6




T'g

Annual Primary Energy (EJ/yr): New Energy Backbone, Level 4

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
F‘ossil w/o Capture & Storage 295 354 412 470 523 571 614 650 684 717 699 682
Fossil w/ Cap’ture & Storage 0 0 0 0 0 1 1 1 1 1 1 2
Nuclear 19 21 33 55 69 79 84 98 106 110 113 117
Renewables 21 26 40 60 83 102 116 132 148 166 174 182
Commercial Biomass 10 22 30 35 41 45 46 48 49 51 51 51
Brealzthrough Technology 0 0 0 0 0 0 0 0 0 0 0 0
Energy Use Reduction 0 0 1 6 20 37 56 78 105 137 178 219
Total 345 422 517 626 738 834 917 1,007 1,095 1,182 1,217 1,252
Annual Emissions & Emissions Reductions (GtC/yr):New Energy Backbone, Level 4

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Net Vented Emissions 6.1 6.9 8.2 9.5 10.7 11.6 12.5 13.1 13.8 14.5 14.4 14.3
Additional Terrestrial
Sequestration 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.3 0.4 0.5 0.5 0.4
Fossil & Cement CCS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Nuclear 0.0 0.0 0.0 0.2 0.2 0.3 0.4 0.4 0.5 0.5 0.6 0.8
Renewables 0.0 0.0 0.0 0.1 0.2 0.3 0.3 0.5 0.7 0.9 1.1 1.2
Commercial Biomass 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Breakthrough Technology 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fuel Mix Changes 0.0 0.0 0.0 0.1 0.1 0.2 0.4 0.6 0.9 1.2 1.5 1.8
Energy Use Reduction 0.0 0.0 0.1 0.3 0.5 0.7 0.9 1.2 1.6 1.9 2.5 3.1
Total 6.1 6.9 8.5 10.2 11.8 13.2 14.6 16.2 17.9 19.6 20.6 21.6
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Annual Primary Energy (EJ/yr): New Energy Backbone, Level 3

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
F‘ossil w/o Capture & Storage 295 354 412 470 520 559 585 508 606 610 565 520
Fossil w/ Capture & Storage 0 0 0 0 0 1 1 1 2 3 5 7
Nuclear 19 21 33 55 69 80 87 103 117 128 141 153
Renewables 21 26 40 60 84 103 118 135 152 170 179 187
Commercial Biomass 10 22 30 35 41 45 46 49 52 55 60 64
Brealzthrough Technology 0 0 0 0 0 0 0 0 0 0 0 0
Energy Use Reduction 0 0 1 6 23 48 80 120 165 216 269 322
Total 345 422 517 626 738 834 917 1,007 1,095 1,182 1,217 1,252
Annual Emissions & Emissions Reductions (GtC/yr): New Energy Backbone, Level 3

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Net Vented Emissions 6.1 6.9 8.2 9.5 10.4 11.0 11.1 11.4 11.7 12.0 11.2 10.5
Additional Terrestrial
Sequestration 0.0 0.0 0.0 0.1 0.1 0.3 0.5 0.6 0.6 0.5 0.4 0.3
Fossil & Cement CCS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1
Nuclear 0.0 0.0 0.0 0.2 0.3 0.4 0.5 0.7 0.9 1.2 1.6 2.0
Renewables 0.0 0.0 0.0 0.1 0.2 0.3 0.5 0.7 1.1 1.4 1.6 1.9
Commercial Biomass 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2
Brealzthrough Technology 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fuel Mix Changes 0.0 0.0 0.0 0.1 0.2 0.5 0.9 1.2 1.4 1.8 2.1 2.5
Energy Use Reduction 0.0 0.0 0.1 0.3 0.5 0.8 1.2 1.7 2.2 2.8 3.5 4.1
Total 6.1 6.9 8.5 10.2 11.8 13.2 14.6 16.2 17.9 19.6 20.6 21.6
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Annual Primary Energy (EJ/yr): New Energy Backbone, Level 2

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Fossil w/o Capture & Storage 295 354 410 466 511 542 558 523 484 441 406 372
Fossil w/ Capture & Storage 0 0 0 0 1 1 1 4 9 17 24 30
Nuclear 19 21 34 55 70 82 90 116 143 172 191 207
Renewables 21 26 40 60 84 104 119 141 162 182 188 192
Commercial Biomass 10 22 30 35 41 45 47 52 59 70 73 77
Brealzthrough Technology 0 0 0 0 0 0 0 0 0 0 0 0
Energy Use Reduction 0 0 2 10 31 61 102 172 237 300 335 374
Total 345 422 517 626 738 834 917 1,007 1,095 1,182 1,217 1,252
Annual Emissions & Emissions Reductions (GtClyr): New Energy Baclal)one, Level 2

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Net Vented Emissions 6.1 6.9 8.1 9.2 9.8 10.1 10.2 9.6 8.9 8.3 1.7 7.0
Additional Terrestrial
Sequestration 0.0 0.0 0.0 0.1 0.4 0.5 0.7 0.6 0.5 0.4 0.3 0.2
Fossil & Cement CCS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.4 0.5 0.6
Nuclear 0.0 0.0 0.1 0.2 0.3 0.4 0.6 1.0 1.6 2.2 2.8 33
Renewables 0.0 0.0 0.0 0.1 0.2 0.4 0.6 1.0 1.4 1.8 1.9 2.0
Commercial Biomass 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.4 0.5 0.6
Brealzthrough Technology 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fuel Mix Changes 0.0 0.0 0.1 0.2 0.5 0.8 1.1 1.5 2.0 2.5 3.1 3.7
Energy Use Reduction 0.0 0.0 0.1 0.4 0.7 1.0 1.5 2.3 3.1 3.7 4.0 4.2
Total 6.1 6.9 8.5 10.2 11.8 13.2 14.6 16.2 17.9 19.6 20.6 21.6
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Annual Primary Energy (EJ/yr): New Energy Backbone, Level 1

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
F‘ossil w/o Capture & Storage 295 354 391 407 407 371 300 272, 245 220 207 193
Fossil w/ Capture & Storage 0 0 0 1 3 11 24 44 64 86 94 103
Nuclear 19 21 37 65 92 122 152 189 221 247 255 262
Renewables 21 26 41 63 94 123 146 164 179 194 199 205
Commercial Biomass 10 22 30 35 40 49 61 77 96 117 120 122
Brealzthrough Technology 0 0 0 0 0 0 0 0 0 0 0 0
Energy Use Reduction 0 0 17 55 101 159 234 260 289 318 343 368
Total 345 422 517 626 738 834 917 1,007 1,095 1,182 1,217 1,252

Annual Emissions & Emissions Reductions (GtClyr): New Energy Baclal)one, Level 1

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Net Vented Emissions 6.1 6.9 7.5 7.2 6.9 6.0 4.6 4.0 3.5 3.2 3.1 2.9
Additional Terrestrial
Sequestration 0.0 0.0 0.1 0.4 0.6 0.7 0.6 0.5 0.4 0.4 0.3 0.1
Fossil & Cement CCS 0.0 0.0 0.0 0.0 0.1 0.3 0.7 1.3 1.9 2.5 2.7 2.8
Nuclear 0.0 0.0 0.1 0.3 0.7 1.2 1.9 2.3 2.8 3.1 3.4 3.6
Renewables 0.0 0.0 0.1 0.2 0.4 0.8 1.3 1.5 1.6 1.7 1.7 1.8
Commercial Biomass 0.0 0.0 0.0 0.0 0.0 0.1 0.4 0.6 0.9 1.2 1.3 1.3
Brealzthrough Technology 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fuel Mix Changes 0.0 0.0 0.2 0.8 1.3 1.8 2.3 2.8 3.4 3.9 4.4 4.9
Energy Use Reduction 0.0 0.0 0.4 1.2 1.8 2.4 2.9 3.1 3.4 3.7 3.9 4.2
Total 6.1 6.9 8.5 10.2 11.8 13.2 14.6 16.2 17.9 19.6 20.6 21.6
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Annual Primary Energy (EJ/yr): Beyond the Standard Suite, Level 4

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
F‘ossil w/o Capture & Storage 295 354 415 479 535 582 621 653 684 716 698 681
Fossil w/ Cap’ture & Storage 0 0 0 0 1 1 1 1 1 1 1 2
Nuclear 19 21 27 38 50 57 61 72 78 80 78 76
Renewables 21 26 37 52 72, 86 96 104 114 124 131 137
Commercial Biomass 10 22 31 36 43 47 48 50 51 52 50 48
Brealzthrough Technology 0 0 0 0 0 2 6 18 31 46 58 70
Energy Use Reduction 0 0 7 21 39 59 84 109 136 164 201 238
Total 345 422 517 626 738 834 017 1,007 1,095 1,182 1,217 1,252
Annual Emissions & Emissions Reductions (GtClyr): Beyond the Standard Suite, Level 4

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Net Vented Emissions 6.1 6.9 8.3 9.7 10.9 11.9 12.6 13.2 13.8 14.5 14.4 14.3
Additional Terrestrial
Sequestration 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.3 0.4 0.5 0.5 0.4
Fossil & Cement CCS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Nuclear 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Renewables 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.2 0.3
Commercial Biomass 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Brealzthrough Technology 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.4 0.7 1.1 1.4 1.7
Fuel Mix Changes 0.0 0.0 0.0 0.1 0.1 0.2 0.4 0.7 0.9 1.2 1.5 1.7
Energy Use Reduction 0.0 0.0 0.1 0.4 0.6 0.9 1.2 1.5 1.9 2.2 2.7 3.2
Total 6.1 6.9 8.5 10.2 11.8 13.2 14.6 16.2 17.9 19.6 20.6 21.6
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Annual Primary Energy (EJ/yr): Beyond the Standard Suite, Level 3

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
F‘ossil w/o Capture & Storage 295 354 413 473 523 561 588 599 606 608 564 519
Fossil w/ Capture & Storage 0 0 0 0 1 1 1 2 2 3 4 6
Nuclear 19 21 28 38 51 59 63 76 85 90 93 96
Renewables 21 26 37 52 72 87 97 106 117 128 136 144
Commercial Biomass 10 22 31 36 43 47 49 51 54 55 56 57
Brealzthrough Technology 0 0 0 0 0 2 7 20 35 52 69 85
Energy Use Reduction 0 0 8 26 49 77 112 153 197 245 295 345
Total 345 422 517 626 738 834 017 1,007 1,095 1,182 1,217 1,252
Annual Emissions & Emissions Reductions (GtC/yr): Beyond the Standard Suite, Level 3

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Net Vented Emissions 6.1 6.9 8.2 9.5 10.4 11.0 11.1 11.4 11.7 12.0 11.2 10.5
Additional Terrestrial
Sequestration 0.0 0.0 0.0 0.1 0.1 0.3 0.5 0.6 0.6 0.5 0.4 0.3
Fossil & Cement CCS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1
Nuclear 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.2 0.3 0.4 0.5 0.7
Renewables 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.3 0.4 0.6 0.7 0.9
Commercial Biomass 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.0 0.1 0.1
Brealzthrough Technology 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.5 0.9 1.5 1.9 2.4
Fuel Mix Changes 0.0 0.0 0.0 0.1 0.3 0.6 0.9 1.2 1.4 1.7 2.1 2.5
Energy Use Reduction 0.0 0.0 0.2 0.5 0.8 1.1 1.5 2.0 2.5 3.0 3.6 4.2
Total 6.1 6.9 8.5 10.2 11.8 13.2 14.6 16.2 17.9 19.6 20.6 21.6




T'd

Annual Primary Energy (EJ/yr): Beyond the Standard Suite, Level 2

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Fossil w/o Capture & Storage 295 354 411 468 513 544 560 523 483 438 403 368
Fossil w/ Capture & Storage 0 0 0 0 1 1 1 4 9 16 21 25
Nuclear 19 21 28 38 51 60 66 &3 99 114 120 125
Renewables 21 26 37 53 73 88 98 110 124 139 145 148
Commercial Biomass 10 22 31 36 43 47 50 55 61 70 70 70
Brealzthrough Technology 0 0 0 0 0 3 7 23 44 69 91 112
Energy Use Reduction 0 0 10 31 57 91 135 208 275 337 368 403
Total 345 422 517 626 738 834 917 1,007 1,095 1,18 1,217 1,252
Annual Emissions & Emissions Reductions (GtClyr): Beyond the Standard Suite, Level 2

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Net Vented Emissions 6.1 6.9 8.1 9.2 9.8 10.1 10.2 9.6 8.9 8.3 7.7 7.0
Additional Terrestrial
Sequestration 0.0 0.0 0.0 0.1 0.4 0.5 0.7 0.6 0.5 0.4 0.3 0.2
Fossil & Cement CCS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.3 0.4 0.5
Nuclear 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.5 0.8 1.1 1.3 1.6
Renewables 0.0 0.0 0.0 0.0 0.1 0.2 0.3 0.5 0.8 1.0 1.1 1.1
Commercial Biomass 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.2 0.4 0.5 0.5 0.5
Brealzthrough Technology 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.6 1.1 1.7 2.3 2.9
Fuel Mix Changes 0.0 0.0 0.1 0.3 0.6 0.9 1.1 1.6 2.0 2.4 3.0 3.6
Energy Use Reduction 0.0 0.0 0.2 0.6 0.9 1.3 1.8 2.6 3.3 4.0 4.2 4.4
Total 6.1 6.9 8.5 10.2 11.8 13.2 14.6 16.2 17.9 19.6 20.6 21.6




LT'9

Annual Primary Energy (EJ/yr): Beyond the Standard Suite, Level 1

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
F‘ossil w/o Capture & Storage 295 354 391 408 408 372 301 271 244 218 204 190
Fossil w/ Cap’ture & Storage 0 0 0 1 4 13 27 45 63 80 85 89
Nuclear 19 21 30 45 68 89 108 134 153 164 163 161
Renewables 21 26 38 56 81 102 117 129 139 149 153 156
Commercial Biomass 10 22 31 36 43 54 68 83 99 116 116 115
Brealzthrough Technology 0 0 0 0 0 5 14 40 67 97 117 137
Energy Use Reduction 0 0 26 80 134 200 282 304 330 358 380 402
Total 345 422 517 626 738 834 017 1,007 1,095 1,182 1,217 1,252
Annual Emissions & Emissions Reductions (GtClyr): Beyond the Standard Suite, Level 1

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Net Vented Emissions 6.1 6.9 7.5 7.2 6.9 6.0 4.6 4.0 3.5 3.2 3.1 2.9
Additional Terrestrial
Sequestration 0.0 0.0 0.1 0.4 0.6 0.7 0.6 0.5 0.4 0.4 0.3 0.1
Fossil & Cement CCS 0.0 0.0 0.0 0.0 0.1 0.3 0.8 1.4 1.9 2.4 2.5 2.6
Nuclear 0.0 0.0 0.0 0.1 0.4 0.8 1.3 1.5 1.7 1.8 1.8 1.8
Renewables 0.0 0.0 0.0 0.1 0.3 0.6 1.0 1.0 1.0 1.0 1.0 1.0
Commercial Biomass 0.0 0.0 0.0 0.0 0.1 0.3 0.6 0.8 1.1 1.3 1.3 1.3
Breakthrough Technology 0.0 0.0 0.0 0.0 0.0 0.1 0.3 0.8 13 1.8 2.3 2.7
Fuel Mix Changes 0.0 0.0 0.2 0.8 13 1.8 2.2 2.8 3.3 3.8 43 4.8
Energy Use Reduction 0.0 0.0 0.5 1.4 2.0 2.7 33 3.4 3.6 3.9 4.1 4.4
Total 6.1 6.9 8.5 10.2 11.8 13.2 14.6 16.2 17.9 19.6 20.6 21.6
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