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Over the coming decades, new energy production technologies and the policies that oversee them
will affect human health, the vitality of our ecosystems, and the stability of the global climate.
The GLIMPSE decision model framework provides insights about the implications of
technology and policy decisions on these outcomes. Using GLIMPSE, decision makers can
identify alternative techno-policy futures, examining their air quality, health, and short- and
long-term climate impacts. Ultimately, GLIMPSE will support the identification of cost-effective
strategies for simultaneously achieving performance goals for these metrics. Here, we

demonstrate the utility of GLIMPSE by analyzing several future energy scenarios under existing
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air quality regulations and potential CO, emission reduction policies. We find opportunities for
substantial co-benefits in setting both climate change mitigation and health-benefit based air
quality improvement targets. Though current policies which prioritize public health protection
increase near-term warming, establishing policies that also reduce greenhouse gas emissions may

offset warming in the near-term and lead to significant reductions in long-term warming.

1 Introduction

Atmospheric pollutants endanger human health, threaten ecosystems and exacerbate climate
change. For example, both tropospheric ozone and fine particulate matter are cardiovascular and
respiratory irritants when inhaled™, can reduce crop yields by inhibiting vegetative growth?, and
perturb regional and global climate patterns by absorbing or scattering incoming and outgoing
solar radiation®. Greenhouse gases (GHG) also contribute to climate change, which in turn
impacts human health and ecosystems® . Emissions of greenhouse gases, as well as the
precursors of ozone and particulate matter can be largely attributed to a common source — the
combustion of fossil fuels for use in the energy system.

In past decades, the U.S. Environmental Protection Agency (EPA) has led a successful
campaign to reduce many of the impacts of air pollution by setting National Ambient Air Quality
Standards (NAAQS) and implementing regulations to achieve those standards®. Historically,
each air quality and climate policy often targets a specific source type or pollutant” *°. There are
three advantages to developing policy for the entire energy system rather than an individual

pollutant or source type. First, individual pollutants have multiple impacts; for example, black
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carbon aerosol impairs human health and warms the atmosphere®*. Second, emission control
strategies impact multiple pollutants at once. For example, light-scattering organic aerosol is co-
emitted with black carbon aerosol, hence emission control technologies can both increase or
decrease radiative forcing based upon the relative amount of emitted organic and black carbon™.
Finally, the interconnectedness of fuel sources and energy use means implementing an emission
control strategy on one component of the energy system has effects on emissions from other
parts of the energy system. For example, increased use of electric automobiles could re-distribute
emissions from car tailpipes to power plants'**®. Therefore, there are considerable opportunities
to make environmental policies more effective by assessing pollution control strategies in a
framework that considers the interactions between pollutants, the energy system, and multiple
environmental goals.

Recent studies have made progress towards assessing potential emissions mitigation measures
for both climate and public health benefits. A United Nations Environment Programme study
identified fourteen emission mitigation measures which, if implemented, will have significant
near-term climate and health benefits** *’. The benefits from transitioning away from fossil fuels
under a GHG reduction policy are also well documented*®%.

There has been important progress in combining environmental assessment and cost-benefit
analysis. Integrated assessment models simulate the development of the energy system with
defined trends of future technologies and global economic conditions, and the resulting global
emission scenarios are evaluated for a variety of global climate and environmental endpoints®%.
However, previous work has been focused globally and does not include sufficient spatial

resolution or technological detail to represent environmental impacts from regional energy

system and emission changes in the U.S.
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In this paper, we present an energy model-based emission scenario screening tool, GLIMPSE
(GEOS-Chem LIDORT Integrated with MARKAL for the Purpose of Scenario Exploration),
which integrates U.S. energy system modeling with benefit assessment modeling into a fast,
reduced-form modeling framework. The tool captures the variability in possible regional changes
in aerosol and GHG emissions and assesses the net health and climate impacts of policies across
spatial and temporal scales. GLIMPSE can be used to quickly estimate the broad
energy/environmental system response to incremental changes in policies, identifying policy
approaches which may later be studied using more detailed modeling.

Specifically, we use GLIMPSE to examine the U.S. energy system under combinations of
current air quality and energy-efficiency policies with CO,-reduction-based climate policies. We
evaluate and compare the impacts of the air quality and climate policies independently, as well as
their interactions when applied together. First, the change emissions from the energy system due
to environmental policies is modeled. Second, we then evaluate the near and long-term radiative

forcing and particulate matter related health outcomes of each emission scenario.

2 Materials and Methods
The GLIMPSE decision-model framework, shown in Figure 1, is designed to rapidly provide

an estimate of the energy system response to a proposed air quality or climate policy while
assessing the health and environmental outcomes with impact factors derived from climate and
epidemiological modeling. The framework integrates economic modeling of the energy system
with atmospheric modeling of the effects of emissions on climate change and public health. The

methodology behind each component of the framework is described in detail below.



85
86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

2.1 Energy System Emissions Modeling
The first component of the GLIMPSE framework is the MARKet ALlocation (MARKAL)

optimization model®” %, which is used to model the development of the U.S. energy system over
the coming decades. This includes the technologies and fuels used for activities such as energy
resource extraction, electricity production, vehicular transportation, space heating and cooling,
and electricity and heat produced for industrial use. Defined as such, the emissions from the
energy system are a significant contributor to short-lived climate forcers, long-lived GHGs and
air pollutants.

MARKAL includes as inputs the energy system demands, such as lumens of lighting required
for commercial buildings or vehicle miles traveled for passenger transport. Additionally,
MARKAL includes energy production technologies to meet system demands. Technologies
range from those specified by fuel type (incorporating mining, processing, conversion to
electricity, and final end use) to energy conservation technologies. Each of the end-of-pipe
pollution control technologies has a cost and associated emission reduction. MARKAL performs
a least-cost optimization to find the set of technologies for a future scenario that meets the energy
demands, subject to constraints on emissions. By varying the emission constraints from climate
and health-relevant environmental policies, MARKAL may be used to generate possible least-
cost energy system technological scenarios which also meet future energy demands.

The EPA MARKAL database is populated with U.S. data that incorporates technology and
fuel assumptions from the U.S. Energy Information Administration’s 2012 Annual Energy
Outlook® and availability of renewable energy from Department of Energy’s National Energy
Modeling System. The EPA MARKAL database has a spatial resolution of 9 U.S. Census

Regional Divisions® and covers the time period from 2005 — 2055 in 5 year blocks.
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2.2 Assessment of Climate and Health Impacts from Energy Sector Emissions
The second component of the GLIMPSE framework is the development of reduced-form

climate and health benefit metrics to assess the impacts of energy system emission changes under

the alternative policy scenarios.

2.2.1 Climate effects
The short-lived aerosol species — sulfate (resulting from the oxidation of sulfur dioxide (SO,)) ,

black carbon (BC), and organic carbon (OC) — have atmospheric lifetimes on the order of one
week. In contrast, the greenhouse gases, e.g. methane (CH,), nitrous oxide (N,O) and carbon
dioxide (CO,), have lifetimes that vary from decades to centuries. Short-lived species play a
large role in near-term radiative forcing and the rate of climate change, while ultimately the
magnitude of long-term climate change is driven by GHG and other long-lived species™ .
Short-lived climate forcing gases and aerosols undergo specific chemical and physical
transformations that substantially change their climate impacts. The rates of these
transformations and climate impacts of the products vary under different atmospheric conditions
depending on factors such as the surface land cover, levels of solar insolation, and prevailing
weather patterns® ** ®, Therefore, the location of sources are included in evaluation of the
climate impacts from emissions sources of short-lived species®*. We use the GEOS-
Chem/LIDORT adjoint model® to calculate the change in global radiative forcing due to a
change in the emission rate in each 2x2.5 degree grid cell, enabling us to evaluate the direct
radiative forcing effects of aerosol and precursor emissions by pollutant, emission location and

source category at high spatial resolution (see Section 3.2 for more information). Emission

effects are aggregated to the nine U.S. census regions to provide direct compatibility with the
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MARKAL emission scenarios. A thorough description of the adjoint model and global results

from these analyses are presented in other studies® *°

. Quantifying the nonlinear aerosol-cloud
feedback processes would require climate modeling beyond the scope of the reduced framework
presented here. The implications of including these effects in this analysis are qualitatively noted
in the discussion section below.

To understand the potential climate outcomes of the future emission scenarios, we develop two
climate metrics to analyze both the near- and long-term effects of short-lived aerosol species and
long-lived greenhouse gases. The short-term climate metric considered in the GLIMPSE
framework is the Time-Integrated Radiative Forcing metric, (TIRF). TIRF represents the sum of
radiative forcing over a specific time horizon, from the time of emission to the end of time
horizon. For example, TIRF(50) represents the total radiative forcing for a stream of emissions
over a 50-year modeling horizon (e.g. period 2005 through 2055). The change in radiative
forcing of short-lived aerosols species (BC, OC) and their pre-cursors (SO,) due to changes in
emissions are calculated using the GEOS-Chem/LIDORT, as described above. For radiative
forcing from GHGs, the TIRF is calculated using published values® integrated from the year of
emission to 2055. Radiative effects beyond 2055 are not included. This metric emphasizes the
near-term climate effects of aerosols and early greenhouse gas reductions while discounting the
long-term climate implications. The derivation of this metric is included in the Supporting
Information, Appendix A. A number of other plausible metrics have been developed for near-
term climate change®, and as new policy questions arise, alternate metrics could be adopted by
GLIMPSE.

Long-term climate change is emphasized by a second climate metric, the 100-year Global

Warming Potential, GWP(100). This metric is the standard measure of the climate effects of
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greenhouse gases >"* %

and allows comparison of different compounds using a common basis,
CO; equivalents. Given a 1 kg emission of a compound, the GWP(100) is the equivalent mass of
CO,, emitted as a pulse, that has the same integrated radiative forcing over a 100-year period *"
%8 Compounds that have large radiative effect or long atmospheric lifetime have larger

GWRP(100) values. Only emissions within the MARKAL modeling time horizon are included in

the 100-year metric calculation.

2.2.2 Health Effects
The potential health effects for the emission scenarios are estimated using national per-ton

impact factors that were calculated by Fann et al. *. Fann et al. used the Community Multiscale
Air Quality (CMAQ) model *° to simulate the relationship between emissions and atmospheric
concentrations, as well as the Environmental Benefits Mapping and Analysis Program, BenMAP
*to calculate the relationship between atmospheric concentrations and human health based
upon fine particulate matter mortality risk estimates ®. Health costs are calculated as the increase
in mortality times the value of a statistical life. Per-ton impact factors are calculated for 12 sector
/ pollutant combinations. GLIMPSE uses these impact factors to calculate the health impacts due

to SOy, NOy, and carbonaceous aerosol emissions for three future years: 2015, 2020, and 2030

42

3 Results

3.1 Scenarios of the U.S. energy system under alternative air quality and climate policies
MARKAL optimizes the choice of energy sources and technologies under constraints set by

emission policies. We evaluate the response of the energy system under four policy scenarios

using the MARKAL model:
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S1 - Baseline: This scenario represents an estimate of the emission changes, phased in over
time, that can be expected under current regulations on the electric sector (e.g., Clean Air
Interstate Rule, CAIR, and state-level renewable portfolio standards, RPSs) and on the
transportation sector (e.g., the new Corporate Average Fuel Economy (CAFE) standard,
which calls for a light duty fleet efficiency of 54.5 miles per gallon by 2025, Tier Il light duty
emission standards, heavy duty engine emission standards, and diesel sulfur limits). More
detail of the specific emission changes modeled in each scenario is shown in the Supporting
Information, Appendix B.

S2 — Rollback: This scenario represents pollutant emission rates approximating what they
would have been without the implementation of emission reduction strategies noted under the
Baseline scenario (S1).All emission intensities (i.e. emissions per unit production) are held
constant at 2005 levels throughout the modeling time horizon. Electric sector constraints on
NOy and SO, emissions are removed.

S3 — Baseline with 50% CO, cap: A hypothetical climate change mitigation policy is added
to the Baseline scenario (S1). The scenario adds a constraint that forces 2050 CO, emissions
to be 50% below 2005 levels. The constraint is implemented in an incremental fashion,
becoming linearly more stringent from its start date in 2015 until full implementation in
2050.

S4 — Rollback with 50% CO, cap: The 50% CO, emissions reduction target from S3 is

implemented onto the relaxed emission constraints of the Rollback scenario (S2).

By isolating the CO, and air quality policies between scenarios, we can assess the effects of

policies individually and together. The discussion that follows focuses on changes in the energy
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system, the resulting emissions of greenhouse gases and air pollutants, and the impacts of those
emissions on human health and climate change.

The result of the MARKAL optimization is that the mix of energy technologies in scenarios S1
and S2 are similar, while the addition of the CO, constraint in S3 and S4 leads to large
differences. The details of the technology changes in electricity generation, transportation,
industrial and residential energy use are modeled in MARKAL and shown in the Supporting
Information, Appendix B and C. For S1, the model optimization meets emission limits primarily
by using end-of-pipe emission controls as opposed to making large changes in the amount of
electricity produced or in the fuels used to produce electricity. Under scenarios without a CO,
constriant (S1 and S2), coal, nuclear, and renewable electricity production remain at
approximately current levels. Additional capacity built over the modeling period primarily uses
natural gas. As expected, relaxing the emission constraints from current air quality policy (52)
leads to increased emissions. Notably, CO,emissions in S1 remain at or below 2005 levels
through 2050, largely because improving vehicle fuel efficiency standards offset growth in
demands. By 2055, CO, emissions increase by 5% (all emission changes are relative to 2005) in
S2.In S1, SO,, BC, and OC emissions are reduced to 24%, 50% and 65% respectively by 2020
(Figure 2). Since no additional emission constraints are added after 2020, S1 and S2 emissions
remain relatively constant, except CO,, which continues to increase.

In contrast with the relatively stable S1 and S2, major changes in electricity generation fuel
sources occur due to the addition of a CO, emission reduction target in S3 and S4. In both
scenarios, coal use decreases with natural gas-fired plants dominating new fossil fuel based
production capacity. Nearly all fossil fuel production capacity has implemented carbon

sequestration technologies to remove CO, emissions by 2055. Wind and solar electricity

10
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production increase depending on regional availability (shown in detail in Figure 3). Given that
the emission trend is prescribed by the CO; cap, the emission rates of CO, for both S3 and S4 are
similar. Reductions in SO, emissions under the rollback with climate policy scenario (S4) do not
approach the level of human health benefits generated by the baseline scenario (S1) until 2040,
lagging by 25 years. Beyond 2020, the addition of a CO,, policy to the baseline scenario in S3
leads to additional emission reductions in SO, and OC beyond the reductions which occur in the
baseline scenario (S1). Black carbon emissions under the combined policy scenario (S3) are
slightly larger than the baseline (S1) due to the residential, commercial, and industrial sectors
switching to biomass fuel as a bridge fuel (see Supporting Information, Appendix C).

The regional comparison of the adoption of alternative energy production technologies under
S1 and S3 are shown in Figure 3. Overall, renewable technologies are adopted in the climate
policy scenarios based upon regional resource availability. Biomass becomes a significant
fraction of electricity production in New England (Region 1), wind power dominates in the
Central Plains and Mountain-west States (Regions 4 and 8), and solar power becomes a major
source of electricity in the Western and Southwestern United States (Regions 7 and 9). Natural
gas dominates in areas without significant sources of renewable or non-carbon energy, such as
the South Atlantic States (Region 5) and Midwestern states (Region 3). In other regions such as
the Mid-atlantic and south-central states (Regions 2 and 6), the projected generation capacity is
reduced and power is imported from other regions. In nearly all cases, the use of coal for
electricity production decreases. In some regions, the total electricity generation is different for
2055 which reflects different levels of electrification of the transportation sector. These are just
two of many possible technology pathways for meeting the CO, constraint. With such a high

reliance on intermittent power production — wind and solar — the realization of these scenarios

11
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may also require advances and cost reductions in energy storage technologies, which could shift
electricity production times to match demands **. MARKAL does not include sufficient temporal

detail to capture some of the details of daily load shifting and its implications.

3.2 Climate and health impacts of scenarios
Given the projected trends in regional emissions, we assess the future climate forcing and

health effects of the policies modeled in our scenarios. For each U.S. census region, the change
in radiative forcing due to an additional mass emitted of each aerosol species (i.e. the radiative
forcing efficiency) is calculated using the GEOS-Chem/LIDORT adjoint model (Figure 4a). The
efficiency of aerosols to affect global radiative forcing varies based upon the surrounding land
cover and atmospheric composition. For example, black carbon emissions from Region 4, the
central plains states, have the largest impact on global radiative forcing. This is in part because
the highly light absorbing black carbon aerosols have a larger impact when emitted over high
albedo snow surface cover in winter. Conversely, black carbon efficiencies in the southern east-
coast states (Region 5) are small, since prevailing winds transport black carbon aerosols over the
comparatively low albedo ocean.

While the radiative forcing efficiencies are highly variable by region, the total amount of
aerosol emissions plays a large role in determining the effect of a region’s emissions on global
radiative forcing. The radiative forcing for each region is shown in Figure 4b, and the total
radiative forcing efficiency for each state in 2005 are shown in Figure 4c-e. Returning to the
black carbon example, while Region 4 has the largest black carbon radiative forcing efficiency, it
does not have the most emissions. Region 3, the western Great Lakes states, has the largest black

carbon emissions in addition to the second highest radiative forcing efficiency. This combination

12



266 leads to the largest total impact on radiative forcing from black carbon emissions of any U.S.
267  region.

268 In the case of organic carbon and SO,, regional differences in radiative forcing efficiency are
269  not as great as those for black carbon. Regional differences arise from vastly differing emission
270  rates across the regions. Regions 3, 5 and 6 have the largest SO, emissions. Overall, at current
271 emission rates, the U.S. net radiative forcing of the three aerosol species considered here is

272 dominated by the cooling radiative forcing from sulfate aerosols and organic carbon.

273 Going forward, in the rollback scenario (S2) where emissions are not reduced, the cooling

274  effect of sulfate aerosols is maintained, leading to the lowest values of the near-term climate

275  metric, TIRF(50) (Figure 5a), even though BC emissions increase. The baseline scenario (S1),
276  with significant decreases in emissions, leads to an increase in the TIRF(50) metric. The

277  difference could be seen as a climate disbenefit of the regulations in the baseline scenario.

278  However, the CO, emission reductions in S3 and S4 offset this increase in TIRF(50) from the
279 SO, reductions. Since the CO, emission reductions are gradually phased in, the largest emission
280  changes occur later in the scenario, and the change in the TIRF(50) is somewhat muted. The CO,
281  emissions reductions early in the scenario impact radiative forcing during a longer integration
282  time, where as emission reductions later in the scenario have an effect over a shorter integration
283 time.

284 The climate warming disbenefit between scenarios S1 and S2 is less evident when considering
285  the 100 year global warming potential metric (Figure 5b). However, in both cases, the CO,

286  reductions in S3 and S4 cause a large reduction in GWP(100) from the S1 and S2 scenarios. The
287  air quality and energy efficiency regulations in S3 additionally reduces long-term climate

288  warming equivalent to a reduction of 1.6 gigatons of CO, emissions over the rollback scenario
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with the same climate policy. The GWP(100) from N,O and CH, increase in the rollback
scenarios relative to the baseline scenario. Implementing a CO; policy does not lead to
significant reductions to CH, and N,O emissions, and in the absence of new policies, emissions
of these species are expected to increase.

Expected reductions in emissions of particulate matter and precursors under the emission
regulations in S1 have significant health benefits in 2015, 2020 and 2030 when compared to S2
(Figure 5c-e). While there are some near-term climate drawbacks, the health benefits from
reducing SO, emissions are clear. Relative to the health impacts in each year under S1, the
rollback of emission constraints in S2 increases health impacts by 130%, 148%, and 165% in
2015, 2020, and 2030 respectively. Under S3, in 2020, increased NOy and BC emissions from
the industrial sector lead to a 1% increase in health impacts over S1. By 2030, additional
reductions of SO, and OC cause health benefits effects to decrease to 80% relative to the health
impacts in the same year under S1. Because of the late requirements for emission reductions
under the CO, policy in S4, co-reductions in emissions of other health relevant pollutants occur
much later than under S1 or S3, leading to increased health impacts of 117%, 121%, and 80% for
2015, 2020 and 2030. Though these health impacts are improved over S2 particularly in later
years, they are still significantly higher than S1 or S3.

In S3, there is little effect on health benefits or TIRF from the addition of a CO, emission cap
to the baseline emission scenario primarily because the CO, emission limits do not become
stringent until later years. In contrast to recent global studies which show large human health co-

benefits for adopting a CO, emission limit**

, the U.S. already has substantial SO, end-of-pipe
controls on power plants. Along with the gradual implementation of the CO, limit, this delays

the health benefits until later in the scenario. Since the GLIMPSE framework allows for the rapid
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testing of alternative policy approaches, the effect of setting an earlier date to meet the CO;
reduction target can be readily assessed. Setting an earlier date could offset climate warming
from reductions in sulfate and other cooling aerosols in the baseline scenarios and lead to earlier
realization of the increased health benefits seen in 2030 under S3. We create an additional set of
4 scenarios repeating the emission caps from S3 with the exception of achieving the CO, cap in
the year 2030, 2035, 2040, and 2045. Setting an earlier date for the CO, cap, without altering the
assumptions over the alternative sources of non-carbon electricity production, leads to a similar
distribution of energy technologies (Supporting Information, Appendix D); however, the
adoption of these technologies is achieved earlier with each progressively earlier target year. The
near- and long-term climate metrics and the health impact metrics are all reduced relative to the
baseline scenario. When the 50% reduction in CO, is achieved in 2030, the climate disbenefits
from the removal of cooling aerosols are fully offset. Moreover, the long-term radiative forcing
is decreased by 28% relative to S1 — an improvement of 8% over a 2050 reduction target date.
Furthermore, setting the CO, reduction target date to 2030 reduces health impacts by 15% in
2020 and 29% in 2030 relative to S1. These health costs are significantly lower than either S1 or

S4.

4 Discussion
Policymakers and other stakeholders propose energy policies to promote various causes, from

domestic energy independence to protecting public health and mitigating climate change. The
framework developed here aims to provide a common platform to demonstrate multiple

environmental outcomes of potential energy policies. The scenarios presented here are not
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indicators of current or future U.S. EPA policy, only representations of policies that can be
assessed using this framework.

Our analysis re-confirms that emission reductions of aerosols and their precursors under
expected U.S. air quality regulations will lead to significant benefits to human health, yet they
will, on net, increase the rate of near-term climate change because reductions US emissions of
cooling sulfate aerosols will more than offset reductions in warming black carbon aerosols. We
demonstrate that the addition of a CO, emission cap may be able to offset these effects,
particularly if the cap is set to an aggressive, early-century date.

While these scenarios benefit human health and achieve long-term climate change mitigation,
no scenario achieves substantial reduction in radiative forcing between now and 2055. At best,
due to the significant reductions in sulfate aerosols, the combined climate and air quality
scenario achieves parity with the rollback of current air quality and energy efficiency policies.
The contribution of aerosols to radiative forcing would likely change if our calculation also
included the effects of aerosols on clouds. This would likely increase the cooling effects of

aerosols 32 4445

, exacerbate the increase in near-term radiative forcing in these scenarios,
possibly requiring even larger reductions in greenhouse gases to offset the aerosol impacts.
Future work should examine additional contributors to near-term radiative forcing, such as
methane, tropospheric ozone, or light absorbing brown carbon to discover additional options for
mitigating near-term climate forcing.

Although air quality and climate policies have large interactions within the energy system, our
analysis of these scenarios demonstrates that neither policy is a true replacement for the other

when the timing of emission reductions is taken into account. The air quality policies are

designed to produce immediate reductions from existing sources, while the long-term cap on
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CO;, emissions leads to a broad transition to new energy production technologies by mid-century.
In the combined scenario where both near-term emission limits were put into place alongside a
long-term CO, reduction goal, we find opportunities to improve both human health and climate
outcomes beyond the outcomes from a single policy. The modeling framework outlined here
allows U.S. policymakers to coordinate air quality regulation across timescales, bridging the gap

between setting short-term and long-term emission reductions.

Figures
Figure 1. The GLIMPSE modeling system. Scenario policy constraints are within the MARKAL

energy system model. Using high resolution information regarding the effects of emissions from

each US region, changes to emissions within each region are evaluated.

Figure 2. Scenario Emission Rates Relative to 2005. Emission rates for CO, (Panel A), SO,
(Panel B), black carbon (Panel C), and organic carbon (Panel D) are shown for each scenario.
Baseline scenarios (solid lines) lead to significant reductions in particulate matter concentrations
and keep CO, concentrations below 2005 levels through 2035. Rolling back baseline air quality
and energy efficiency regulations and implementing CO, emission reductions (dashed red line)
leads to significant decreases in SO, emissions, though at a significant time delay, and small to
no emission reductions in black and organic carbon emissions. Overall the combined approach of
both air quality and CO, reduction policies (red dashed lines) lead to the largest reductions in
emissions in SO2 and OC, but lead to small increases in emissions of BC from 2020 to 2040 (see
text). Additional emissions information for other species are shown in the Supporting
Information, Appendix B.
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Figure 3. Scenario electricity production by region. The final electricity generation technology
mixes for S1 and S3 in 2050 are compared with 2005 levels. The adoption of specific electricity
generation technologies vary based upon the availability of low-carbon technologies and the
relative cost of these alternative technologies against either the import of electricity from

neighboring regions or the adoption of carbon sequestration technology.

Figure 4. Regional Global Radiative Forcing Efficiency. The effect of each region's emissions on
the global radiative forcing burden from aerosols is calculated using the GEOS-Chem/LIDORT
adjoint model. Panel A is the annual, direct radiative forcing (ADRF) efficiency and Panel B is
the radiative forcing, calculated as the product of the ADRF efficiency with the annual
emissions. Panels C-E show the spatial variability in radiative forcing sensitivity to emissions of

black carbon aerosol, organic carbon aerosol, and sulfur dioxide emissions, respectively.

Figure 5. Scenario Climate and Health Impact Metrics. The near-term warming effect of scenario
emissions varies primarily with the changes in emissions of aerosols and early reductions in CO;
emissions (Panel A). The increase in warming from the loss of sulfate aerosols is compensated in
the near-term by implementing a CO; policy. The long-term forcing after 100 years is dominated
by the changes in CO, emissions with shorter-lived species playing a reduced role (Panel B). The
reduction in health effects from reducing emissions of aerosols and their precursors under the

baseline scenarios is clearly evident (Panel C-E). Additional health benefits are seen in S4 in

2030 as co-reductions of aerosol occur with reductions of CO».

18



398
399

400

401

402

403

404

405
406

407

408

409

410

411

412

413

414

415

416

417

418

Supporting Information
The supporting information contains: (A) the derivation of the radiative forcing metrics, time-

integrated radiative forcing and 100-year global warming potential; (B) regional electricity
generation and energy production technology scenario results; (C) scenario emissions by energy
sector; (D) electricity generation and energy production technology scenario results for
alternative climate policy scenarios. This material is available free of charge via the Internet at

http://pubs.acs.org

Author Information
Corresponding author:

* - email: pinder.rob@epa.gov

Present Addresses:

T - Computer Services Corporation, Alexandria, VA
Author Contributions:
The manuscript was written through contributions of all authors. All authors have given approval

to the final version of the manuscript. $These authors contributed equally.

Funding Sources:

This work is supported by the US EPA’s Air, Climate, and Energy Program, NASA’s Air
Quality Applied Science Team, EPA STAR grant 83521101, and the Oak Ridge Institute for

Science Education. Disclaimer: While this manuscript has been reviewed by the Environmental

19



419

420

421
422

423

424

425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455

Protection Agency and approved for publication, it may not reflect official agency views or

policies.

Acknowledgements
We thank Susan Anenberg, Neal Fann, Pat Dolwick, Chris Nolte, Rohit Mathur and three

anonomous reviewers for their helpful comments.

References

1. Bell, M. L.; Goldberg, R.; Hogrefe, C.; Kinney, P. L.; Knowlton, K.; Lynn, B.;
Rosenthal, J.; Rosenzweig, C.; Patz, J. A., Climate change, ambient ozone, and health in 50 US
cities. Climatic Change 2007, 82, (1), 61-76.

2. Pope 11, C. A.; Dockery, D. W., Health effects of fine particulate air pollution: lines that
connect. Journal of the Air & Waste Management Association 2006, 56, (6), 709-742.

3. Laden, F.; Schwartz, J.; Speizer, F. E.; Dockery, D. W., Reduction in fine particulate air
pollution and mortality - Extended follow-up of the Harvard six cities study. American Journal
of Respiratory and Critical Care Medicine 2006, 173, (6), 667-672.

4. Emberson, L.; Ashmore, M.; Murray, F., Air pollution impacts on crops and forests: a
global assessment. Imperial College Press: 2003.

5. Ramanathan, V.; Crutzen, P.; Kiehl, J.; Rosenfeld, D., Aerosols, climate, and the
hydrological cycle. Science 2001, 294, (5549), 2119-2124.

6. U.S. Environmental Protection Agency, Endangerment and Cause or Contribute Findings
for Greenhouse Gases Under Section 202(a) of the Clean Air Act. In Federal Register: December
15, 2009; Vol. 74, pp 66496-66546.

7. Parry, M. L., O.F. Canziani, J.P. Palutikof, P.J. van der Linden, C.E. Hanson,,
Contribution of Working Group 11 to the Fourth Assessment Report of the Intergovernmental
Panel on Climate Change. Cambridge University Press: Climate Change 2007, 2007.

8. U.S. Environmental Protection Agency Our Nation's Air: Status and Trends through
2010; EPA-454/R-12-001; Research Triangle Park, NC, 2012.
9. U.S. Environmental Protection Agency, Control of Air Pollution from New Motor

Vehicles: Heavy-Duty Engine and Vehicle Standards and Highway Diesel Fuel Sulfur Control
Requirements. In Federal Register: January 18, 2001; Vol. 66, pp 5001-5193.

10. U.S. Environmental Protection Agency, Prevention of Significant Deterioration and Title
V Greenhouse Gas Tailoring Rule. In Federal Register: June 3, 2010; Vol. 75, pp 31514-31608.
11.  Shindell, D.; Kuylenstierna, J. C. I.; Vignati, E.; van Dingenen, R.; Amann, M.; Klimont,
Z.; Anenberg, S. C.; Muller, N.; Janssens-Maenhout, G.; Raes, F.; Schwartz, J.; Faluvegi, G.;
Pozzoli, L.; Kupiainen, K.; Hoglund-Isaksson, L.; Emberson, L.; Streets, D.; Ramanathan, V.;
Hicks, K.; Oanh, N. T. K.; Milly, G.; Williams, M.; Demkine, V.; Fowler, D., Simultaneously
Mitigating Near-Term Climate Change and Improving Human Health and Food Security.
Science 2012, 335, (6065), 183-189.

20



456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500

12. Kopp, R. E.; Mauzerall, D. L., Assessing the climatic benefits of black carbon mitigation.
Proceedings of the National Academy of Sciences 2010, 107, (26), 11703-11708.

13. Samaras, C.; Meisterling, K., Life Cycle Assessment of Greenhouse Gas Emissions from
Plug-in Hybrid Vehicles: Implications for Policy. Environmental Science & Technology 2008,
42, (9), 3170-3176.

14.  Anair, D.; Mahmassani, A. State of Charge: Electric Vehicles' Global Warming
Emissions and Fuel-Cost Savings across the United States; Union of Concerned Scientists:
Cambridge, MA, 2012.

15. Brinkman, G. L., P. Denholm, M. P. Hannigan, and J. B. Milford, Effects of Plug-In
Hybrid Electric Vehicles on Ozone Concentrations in Colorado. Environmental Science &
Technology 2010, 44, 6256-6262.

16. Unger, N., D.T. Shindell, and J.S. Wang, Climate forcing by the on-road transportation
and power generation sectors. Atmospheric Environment 2009, 43, 3077-3085.

17.  Anenberg, S. C.; Schwartz, J.; Shindell, D.; Amann, M.; Faluvegi, G.; Klimont, Z.;
Janssens-Maenhout, G.; Pozzoli, L.; Van Dingenen, R.; Vignati, E.; Emberson, L.; Muller, N. Z.;
West, J. J.; Williams, M.; Demkine, V.; Hicks, W. K.; Kuylenstierna, J.; Raes, F.; Ramanathan,
V., Global air quality and health co-benefits of mitigating near-term climate change through
methane and black carbon emission controls. Environmental health perspectives 2012, 120, (6),
831-9.

18. Bell, M. L.; Davis, D. L.; Cifuentes, L. A.; Krupnick, A. J.; Morgenstern, R. D.;
Thurston, G. D., Ancillary human health benefits of improved air quality resulting from climate
change mitigation. Environmental Health 2008, 7, (1), 41.

19. Nemet, G. F.; Holloway, T.; Meier, P., Implications of incorporating air-quality co-
benefits into climate change policymaking. Environmental Research Letters 2010, 5, (1),
014007.

20. Rypdal, K.; Rive, N.; Berntsen, T.; Fagerli, H.; Klimont, Z.; Mideksa, T. K.; Fuglestvedt,
J. S., Climate and air quality-driven scenarios of ozone and aerosol precursor abatement.
Environmental Science & Policy 2009, 12, (7), 855-869.

21. Paltsev, S.; Reilly, J. M.; Jacoby, H. D.; Eckaus, R. S.; McFarland, J. R.; Sarofim, M. C.;
Asadoorian, M. O.; Babiker, M. H. M. The MIT emissions prediction and policy analysis (EPPA)
model: version 4; MIT Joint Program on the Science and Policy of Global Change: 2005.

22. Amann, M.; Bertok, I.; Borken-Kleefeld, J.; Cofala, J.; Heyes, C.; Hoglund-Isaksson, L.;
Klimont, Z.; Nguyen, B.; Posch, M.; Rafaj, P.; Sandler, R.; Schépp, W.; Wagner, F.; Winiwarter,
W., Cost-effective control of air quality and greenhouse gases in Europe: Modeling and policy
applications. Environmental Modelling & Software 2011, 26, (12), 1489-1501.

23.  Rafaj, P.; Schopp, W.; Russ, P.; Heyes, C.; Amann, M., Co-benefits of post-2012 global
climate mitigation policies. Mitig Adapt Strateg Glob Change 2012, 1-24.

24. McCollum, D.; Krey, V.; Riahi, K.; Kolp, P.; Grubler, A.; Makowski, M.; Nakicenovic,
N., Climate policies can help resolve energy security and air pollution challenges. Climatic
Change 2013, 119, (2), 479-494.

25. Bollen, J.; Hers, S.; van der Zwaan, B., An integrated assessment of climate change, air
pollution, and energy security policy. Energy Policy 2010, 38, (8), 4021-4030.

26. Rao, S.; Pachauri, S.; Dentener, F.; Kinney, P.; Klimont, Z.; Riahi, K.; Schoepp, W.,
Better air for better health: Forging synergies in policies for energy access, climate change and
air pollution. Global Environmental Change, (0).

21



501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545

27. Fishbone, L. G.; Abilock, H., MARKAL, A linear-programming model for energy
systems analysis - Technical description of the BNL version. International Journal of Energy
Research 1981, 5, (4), 353-375.

28. Loughlin, D. H.; Benjey, W. G.; Nolte, C. G., ESP v1.0: methodology for exploring
emission impacts of future scenarios in the United States. Geoscientific Model Development
2011, 4, (2), 287-297.

29. U.S. Energy Information Administration Annual Energy Outlook 2012 with Projections
to 2035; DOE/EIA-0383(2012); http://www.eia.gov/forecasts/aeo/, 2012.

30. Shay, C. L.; Yeh, S.; Decarolis, J.; Loughlin, D. H.; Gage, C. L.; Wright, E. EPA U.S.
National MARKAL Database: Database documentation; U.S. Environmental Protection Agency:
EPA/600/R-06/057, 2006.

31. UNEP Near-term Climate Protection and Clean Air Benefits: Actions for Controlling
Short-Lived Climate Forcers; United Nations Environment Programme (UNEP): Nairobi,
Kenya, 2011; p 78.

32. Leibensperger, E.; Mickley, L.; Jacob, D.; Chen, W.; Seinfeld, J.; Nenes, A.; Adams, P.;
Streets, D.; Kumar, N.; Rind, D., Climatic effects of 1950-2050 changes in US anthropogenic
aerosols—Part 1: Aerosol trends and radiative forcing. Atmos. Chem. Phys 2012, 12, 3333-3348.
33. Unger, N.; Shindell, D. T.; Koch, D. M.; Streets, D. G., Air pollution radiative forcing
from specific emissions sectors at 2030. J. Geophys. Res. 2008, 113, (D2), D02306.

34.  Shindell, D.; Lamarque, J. F.; Unger, N.; Koch, D.; Faluvegi, G.; Bauer, S.; Ammann,
M.; Cofala, J.; Teich, H., Climate forcing and air quality change due to regional emissions
reductions by economic sector. Atmos. Chem. Phys. 2008, 8, (23), 7101-7113.

35. Henze, D. K.; Shindell, D. T.; Akhtar, F.; Spurr, R. J. D.; Pinder, R. W.; Loughlin, D.;
Kopacz, M.; Singh, K.; Shim, C., Spatially Refined Aerosol Direct Radiative Forcing
Efficiencies. Environmental Science & Technology 2012, 46, (17), 9511-9518.

36. Henze, D. K.; Hakami, A.; Seinfeld, J. H., Development of the adjoint of GEOS-Chem.
Atmos. Chem. Phys. 2007, 7, (9), 2413-2433.

37.  Shine, K. P.; Berntsen, T. K.; Fuglestvedt, J. S.; Sausen, R., Scientific issues in the design
of metrics for inclusion of oxides of nitrogen in global climate agreements. Proceedings of the
National Academy of Sciences of the United States of America 2005, 102, (44), 15768-15773.
38. Forster, P., V. Ramaswamy, P. Artaxo, T. Berntsen, R. Betts, D.W. Fahey, J. Haywood,
J. Lean, D.C. Lowe, G. Myhre, J. Nganga, R. Prinn, G. Raga, M. Schulz and R. Van Dorland,
Chapter Il: Changes in Atmospheric Constituents and in Radiative Forcing. In Climate Change
2007: The Physical Science Basis. Contribution of Working Group I to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change, Solomon, S., D. Qin, M. Manning,
Z. Chen, M. Marquis, K.B. Averyt, M.Tignor and H.L. Miller, Ed. Cambridge University Press,:
Cambridge, United Kingdom and New York, NY, USA, 2007.

39. Fann, N.; Fulcher, C.; Hubbell, B., The influence of location, source, and emission type
in estimates of the human health benefits of reducing a ton of air pollution. Air Quality,
Atmosphere & Health 2009, 2, (3), 169-176.

40. U.S. Environmental Protection Agency Technical support document for the Final PM
NAAQS Rule; Research Triangle Park, NC, 2006.

41.  Abt Associates Incorporated Environmental Benefits Mapping and Analysis Program
(Version 3.0), Prepared for the Environmental Protection Agency, Office of Air Quality Planning
and Standards, Air Benefits and Cost Group: Research Triangle Park, NC, 2009.

22



546
547
548
549
550
551
552
553
554
555
556
557
558
559

560

561

562

42. U.S. Environmental Protection Agency RSM-based Benefit Per Ton Estimates.
http://www.epa.gov/air/benmap/bpt.html (12-25-2012),

43. Delucchi, M. A.; Jacobson, M. Z., Providing all global energy with wind, water, and solar
power, Part 11: Reliability, system and transmission costs, and policies. Energy Policy 2011, 39,
(3), 1170-1190.

44, Leibensperger, E.; Mickley, L.; Jacob, D.; Chen, W.; Seinfeld, J.; Nenes, A.; Adams, P.;
Streets, D.; Kumar, N.; Rind, D., Climatic effects of 1950-2050 changes in US anthropogenic
aerosols—Part 2: Climate response. Atmos. Chem. Phys 2012, 12, 3349-3362.

45. T. C. Bond; S. J. Doherty; D. W. Fahey; P. M. Forster; T. Berntsen; B. J. DeAngelo; M.
G. Flanner; S. Ghan; B. Karcher; D. Koch; S. Kinne; Y. Kondo; P. K. Quinn; M. C. Sarofim; M.
G. Schultz; M. Schulz; C. Venkataraman; H. Zhang; S. Zhang; N. Bellouin; S. K. Guttikunda; P.
K. Hopke; M. Z. Jacobson; J. W. Kaiser; Z. Klimont; U. Lohmann; J. P. Schwarz; D. Shindell; T.
Storelvmo; S. G. Warren; Zender, C. S., Bounding the role of black carbon in the climate system:
A scientific assessment. J. Geophys. Res. 2013, in press.

23



563

564
565
566

567

568

Step I: Energy System
Emissions modeling

Policy Scenario
Emission
Constraints

MARKAL
Energy System
Model

1
‘ Technologies, |

nnnnnn | Fpiccim e
rn-:y ional Emissions

Step II: Climate and Health Impacts from
Energy Sector Emissions

|

Global radiative forcing
sensitivity to regional
emission changes
(Henze et al. 2012)

1

1

Aerosol health impacts
per ton of emissions
(Fann et al. 2009)

Giobai warming
— potentials
(Shine et al. 2005)

Assessments of

scenario
climate impacts

Assessments of

scenario health
impacts

Figure 1. The GLIMPSE modeling system. Scenario policy constraints are within the MARKAL
energy system model. Using high resolution information regarding the effects of emissions from
each US region, changes to emissions within each region are evaluated.
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Figure 2. Scenario total U.S. Emission Rates Relative to 2005. Emission rates for CO, (Panel A),
SO, (Panel B), black carbon (Panel C), and organic carbon (Panel D) are shown for each
scenario. Baseline scenarios (solid lines) lead to significant reductions in particulate matter
concentrations and keep CO; concentrations below 2005 levels through 2035. Rolling back
baseline air quality and energy efficiency regulations and implementing CO, emission reductions
(dashed red line) leads to significant decreases in SO, emissions, though at a significant time
delay, and small to no emission reductions in black and organic carbon emissions. Overall the
combined approach of both air quality and CO, reduction policies (red dashed lines) lead to the
largest reductions in emissions in SO, and OC, but lead to small increases in emissions of BC
from 2020 to 2040 (see text). Additional emissions information for other species are shown in
the Supporting Information, Appendix B.

25



583

584

585
586
587
588
589

590

regin +|[Regon 2] Region 3| [Region 4 segin o[ esion 7 Jlcgion o] [ eion o J| A o5

20r

g -
§
23--'l
-
=] [—
.
;
i

1 . .
| - [
—
e ey
0 W W WO W D W M W W W W W W W W W N W O N W W N W W = =
O o o =R - R - - s = O N N D W WM O W W -
(=1 = o = (=] (=1 = == [=) = =1 = E=] o o = (=] = = o = (=1 (=} [=) == L] = g = - 14
T T T R R T T T N O T = T A A A O A A A A B - A =
- - — —— — - — —— - - — - - - - — .- e C_:l_' '-"J_ 4
E b B B R B R EER R ES E B R B R TR R B
bbb B 0B bR DB BB BB b B 0B 0 b B 2 b 3
[ Hudear Biomass [ Wind Power

[ coawinccs M Matural Gas [ Matural Gas with CCS
B Coal I i Hl Municipal Sobid Waste

Hydrepawer [ Solar Power

|
§
Il

Figure 3. Scenario electricity production by region. The final electricity generation technology
mixes for S1 and S3 in 2050 are compared with 2005 levels. The adoption of specific electricity
generation technologies vary based upon the availability of low-carbon technologies and the
relative cost of these alternative technologies against either the import of electricity from
neighboring regions or the adoption of carbon sequestration technology.
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A) Radiative Forcing Efficiency B) Radiative Forcing
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Figure 4. Regional Global Radiative Forcing Efficiency. The effect of each region's emissions on
the global radiative forcing burden from aerosols is calculated using the GEOS-Chem/LIDORT
adjoint model for 2005 U.S. emissions. Panel A is the annual, direct radiative forcing (ADRF)
efficiency and Panel B is the radiative forcing, calculated as the product of the ADRF efficiency
with the annual emissions. Panels C-E show the spatial variability in radiative forcing sensitivity
to emissions of black carbon aerosol, organic carbon aerosol, and sulfur dioxide emissions,
respectively.
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Figure 5. Scenario Climate and Health Impact Metrics. The near-term warming effect of scenario
emissions varies primarily with the changes in emissions of aerosols and early reductions in CO,
emissions (Panel A). The increase in warming from the loss of sulfate aerosols is compensated in
the near-term by implementing a CO; policy. The long-term forcing after 100 years is dominated
by the changes in CO, emissions with shorter-lived species playing a reduced role (Panel B). The
reduction in health effects from reducing emissions of aerosols and their precursors under the
baseline scenarios is clearly evident (Panel C-E). Additional health benefits are seen in S3 in
2030 as co-reductions of aerosol occur with reductions of COs.
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Supporting Information
Appendix A

Definition of radiative forcing metrics

The purpose of GLIMPSE is to have a common framework for finding scenar-
ios that simultaneously reduce short-lived climate forcers (SLCFs) and green-
house gases (GHGs). Accordingly, it is important to have a common framework
for comparing the impacts of species. The challenge is that these compounds
have very different radiative effects and atmospheric lifetimes. For the SLCFs
we consider — sulfate, black carbon, and organic carbon particles — all of atmo-
spheric lifetimes are on the order of 1 week. The GHGs methane (CHy), nitrous
oxide (N20), and carbon dioxide (COs2) have lifetimes of decades to centuries.
What is an appropriate metric for considering the radiative forcing impacts of
these compounds?

We begin with metrics as previously developed by Shine et al. [2005] and
Fuglestvedt et al. [2010]. Omne such metric is the absolute global warming
potential, AGWP(#) (W m~2 kg~! year), or the integrated radiative forcing
over ¢t years. For the short-lived species, the lifetime in the atmosphere is short,
so the AGWP is equal to the instantaneous radiative forcing, and the AGWP
does not depend on the integration time, t. For the GHGs, the lifetime of the
compound and time of integration ¢ are important. Because the GHGs persist
in the atmosphere, the AGWP increases with t.

For a specific compound, z, the AGWP is calculated as

t

t
AGWP(t) = /0 AIefaLwdt = Alaw[l _ e*oﬁ,] (1)

where A, is the instantaneous radiative forcing (W m~2 kg~!) and «, is
the atmospheric lifetime [Shine et al., 2005, Fuglestvedt et al., 2010]. Because
the atmospheric lifetime of CO5 depends on the absolute concentration and the
relative magnitude of terrestrial and oceanic sinks, the formulation for COs is
derived using a carbon cycle model.

t =3
AGHPGos (1) = / Acoalao + 3 ase ™ dt 2)
0 i

A-1



=3
AGWPCOQ(t) = Acgg[aot + Z aiai(l - 67(‘71')] (3)

The parameters a; and «; are based on the revised version of the Bern
Carbon cycle model as reported in the IPCC 4th Assessment Report [Forster
et al., 2007].

To compare compounds, the global warming potential (GWP) is defined as
the ratio of the AGWP of 1 kg of an emitted compound to the AGWP of 1 kg
of CO5y. Like AGWP, the GWP is also calculated for specified integration time
t. For example, while CHy has a GWP(t = 20 years) of 72 COs equivalents, the
GWP(t = 100 years) is only 25 COq equivalents because the radiative effects
of CHy relative to CO5 diminish over time. Short-lived climate forcers have a
large GWP(20), but much lower GWP(100).

Depending on the policy goal of interest, there are multiple ways to use
these metrics to express constraints on the radiative impacts of emissions. We
propose two methods.

The first is to calculate the time-integrated radiative forcing, TIRF(50),
defined as the sum of the radiative effects of a stream of emissions from 2005
to 2055. Constraining this metric will reduce the total radiative forcing over
the 50 year period. This metric is for asking questions of the form “how do we
reduce the total amount of radiative forcing over the next 50 years?”

We define the time-integrated radiative forcing (TIRF) as the sum of radia-
tive impacts due to a stream of emissions over the 50 year period from 2005 to
2055, as defined by Equation 4:

2005,...,2055
TIRF= Y E; x AGUP(t) (4)
t

where t is the year, E; is the emissions in year t. For the greenhouse gases,
the emissions are multiplied by the AGWP shown in Table Al. For 2005, the
AGWP(50) is used, since emissions in 2005 can impact the entire 50 year period.
For 2050, the AGWP(5) is used, since emissions in 2050 can only impact the last
5 years of the 50 year period. For the SLCFs, the AGWP is calculated using
the instantaneous radiative forcing calculated by GEOS-Chem adjoint and is
shown in Table A2.

For long-lived species, this metric emphasizes reducing emissions early since
later emissions have less of an effect on the entire period. For a given short-lived
species, emission reductions in any time period have equal effect.

The second type of metric is to use CO4 equivalence calculated using GWP(100).
Over long integration time periods, the effects of the long-lived greenhouse gases
control the ultimate magnitude of climate change. This metric is for asking ques-
tions of the form “how do we reduce the overall magnitude of climate change?”
We refer to this metric as GWP:



2005, ...,2055
GWP1g0 = Z FE; X GWP1g0 (5)
t

The GWP(100) values derived from a literature survey are listed in Table
A3.

The differences between these two metrics can be illustrated by applying
them to a test scenario where COs and SOs emissions are held constant from
2005 — 2055. Figure Al shows the resulting TIRF and GWP(100) for each com-
pound calculated for emissions occurring in each year. For the TIRF metric,
emissions of COs in early years have a larger impact, because those emissions
persist in the atmosphere and impact the entire 50 year period. Emissions of
COg in the later years have less impact, because the emissions in those later
years can only impact the radiative forcing in those later years (Figure Al(a)).
Emissions of SO, impact the radiative forcing equally in all periods, because
these compounds have a short lifetime and do not persist for long enough to im-
pact the radiative forcing in other periods. While TIRF considers the radiative
impacts from the time of emission to the end of the scenario period, GWP(100)
considers the radiative impact from the time of emission to 100 years from the
time of emission. Consequently, for GWP(100), CO4 has an equal impact in all
periods, because the integration time is always 100 years.

The TIRF metric puts more emphasis on SLCFs and early reductions on
GHGs. The result is the TIRF has less integrated radiative forcing from COs
which means the SLCFs have relatively more weight. This is shown in Figure
A1(c) where the relative importance of SOg is greatest in the TIRF calculation.
The form of the metric influences both the relative importance of SLCF and
GHGs, as well as the relative importance of the timing of GHG emissions.
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Table A3: Global warming potential for 20 and 100 years. The source of each
value is shown in brackets.

species GWP(20) GWP(100)
SO2 -100 [Rypdal et al., 2009 -25 [Rypdal et al., 2009
CO 10.5 [Berntsen et al., 2005 3.8 [Berntsen et al., 2005
NO, 14.8 [Berntsen et al., 2005] -1.45 [Berntsen et al., 2005

non-methane VOC
CH,4

N>O

Black Carbon
Organic Carbon

4.5 [Rypdal et al., 2009
72 [Forster et al., 2007
289 [Forster et al., 2007
2400 [Bond et al., 2011
-110 [Bond et al., 2011

|
]
]
4.5 [Rypdal et al., 2009]
25 [Forster et al., 2007]
298 [Forster et al., 2007]
690 [Bond et al., 2011]
-30 [Bond et al., 2011]

(a) TIRF(50), (Wm?)

o Co;
m SO,

2050 -:l

2035
2030
2025
2020
2015

2010

[

2005

-0.05 0.05 0.15 0.25 0.35

Figure Al:

(b) GWP(100), (Pg CO, equiv.)

0o 1 2 3 4 5 6 7

(c) ratio SO, :CO,

0.25

0.20

0.15

0.10

0.05

0.00

TIRF(45) GWP(100)

The contribution of each year’s emissions to the TIRF(50),

GWP(100) for a scenario with constant emissions of COg and SOz (a, b). Figure
(c) shows the ratio of the contribution of SO to CO5 for the two metrics. Note
that SO3 is relatively larger impact on the TIRF(50) metric.
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Supporting Information
Appendix B
Regional Electricity Generation and Energy Results

The first figure shows the fuels used for electricity generation for each scenario. The adoption of current air quality
regulations does not lead to a significant change in the mix of fuels used in the electricity generation sector (Panel B), but
the adoption of a CO2 emission reduction target (Panels C and D), however, leads to significant changes in generation
technology, including the removal of coal fuels, more widespread use of carbon capture and sequestration (CCS), and the
adoption of solar and wind power. Other sectors including industrial, residential and transportation energy use are shown
in the Appendix C. The second figure shows the US emission changes for each pollutant for each of the four scenarios. In
the next 9 figures, each show the relative contribution of different technologies to electricity production. Each of the nine
regions is labeled. The next nine figures are for the emissions in each region. These emissions are for the entire energy
system modeled by MARKAL.
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Region 2: Middle Atlantic
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Region 5: South Atlantic
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Region 6: East South Central
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Supporting Information
Appendix C
Scenario emissions by energy sector

The presentation of results in the manuscript focuses primarily on electricty generation, yet emissions are also calculated
for other energy system sectors, including transportation, residential, industrial, commercial, and resource extraction.
These figures show the emission changes for these sectors for the four scenarios for CO2, SOs, black carbon, and organic
carbon.
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Black Carbon emissions from the energy sector
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Organic Carbon emissions from the energy sector
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Supporting Information
Appendix D
Electricity Generation and Energy Production Technology Scenario Results
for Alternative CO5y Scenarios

This appendix presents three figures for understanding the alternative COs scenarios. These scenarios represent current
regulated emission reductions that are phased in over the next 20 years, as well as a 50% COs emission reduction
requirement. These scenarios require that the 50% COy emission reduction must be achieved by an earlier year, ranging
from 2030 to 2050. The first figure is parallel to Figure 5 in the manuscript, and it is a comparison of climate and health
impact metrics for alternative COq scenarios. In each scenario, the emission constraints include both a 50% reduction
of 2005 CO, emissions as well as current air pollution and energy efficiency policies in place. Achieving earlier CO4
reductions reduce near- and long-term radiative forcing and lead to decreases in health impacts from air pollution relative
to current policy. The second figure compares the composition of the electricity generation sector. The third figure shows
the emissions of greenhouse gases and air pollutants.

D-1



140
120
100

Percent of baseline TIRF
()]
o

A) Time Integrated Radiative Forcing
through 2050

2 5 4 5 6 7
C) National air-quality related
health costs in 2015
300 ‘ T T ‘ ‘

N
(&)
o

N
o
o

-
o O
= =)

o

N w
(¢ o
o o

N
o
o

-
o
[=]

(&)}
o

Percent of S1 health costs
o
o

o

Percent of S1 health costs
o
o

2 3 4 5 6 7

E) National air-quality related
health costs in 2030

Percent of baseline GWP

Percent of S1 health costs

B) 100-year Global Warming Potential
120

100
80
60
40
20

0

—20 I . . . . . .

D) National air-quality related
health costs in 2020

Scenario key:
1 — Baseline (S1)
2 — Rollback (S2)

3 — Baseline w/2030 50% CO, cap
4 — Baseline w/2035 50% CO, cap
5 — Baseline w/2040 50% CO, cap
6 — Baseline w/2045 50% CO, cap
7 — Baseline w/2050 50% CO, cap (S3)

[ CO, =3 CH, Bmm OC EEE NO,
BN BC BEE N,0C 1 SO, [

Net

D-2



T T
(es) ded 200 %08 (es) deo %00 %05 (€S) deo %00 %05 (gS) deo 200 %05 _ -_ 1 (es) deo %00 %05
0502/m suljsseg 0502/m suljsseg 0502/Mm suljsseg 0502/Mm suljsseg 050Z/Mm suljsseg
deo %00 %05 deo %00 %05 deo %00 %05 m - H deo %00 %05 ﬁ —_ - 1 des %00 %o0s
Sv0Z/M auljeseg Sv0Z/M auljeseg Sv0Z/M auljeseg Sv0Z/M duljeseg S0z/Mm duljaseg » o)
Q ®
O © .
ded 00 %0§ ded %00 %0§ ded %00 %0§ ded 00 %0§ | deo “00 %05 = = 3
0v0Z/M auljeseg 0v0Z/M auljeseg 0v0Z/M duljeseg 0v0z/M auljeseg = > W
1) 2 = o
Q o — “
2 2 2 2 2 23] (7} .
deo 200 %0 deo 200 %0 deo 200 %0 —ﬁ H deo 200 %0 D —_ - | deo 00 %05 |O ® © © 900
GE0Z/M duljaseg G€0Z/M duljsseg G€0Z/M duljsseg GE0Z/M duljeseg G€0Z/M duljsseg Nl G G m m » W W W
= - = = o
i =% 25092 afdf
2 S8 S o< ®©oO
Q o
dea %00 %05 dea %00 %05 7 _ deo %00 %05 mﬁ - ﬁ deo %00 %05 mﬂ__H - | deooomos | = 33 o5 EST S
0€0Z/m duljsseg 0€0Z/m duljsseg 0€0Z/m duljsseg 0€02Z/m duljsseg 0€0Z/m duljsseg o % m ;nm = 3 5 0 [} = m m
0C0ozz0=z0amIL2n
(28) Aoeqiioy (28) Aoeqiioy = (28) Aoeqiioy EH (23) Aoeqlioy EH (28) Aoeqlioy D - Z - - - D - D - D Z
o o o o o
- N ™ < 0
o (1s) ou o (1) euneseg o : (1) euneseg o (1) euneseg o _“-H (15) euneseg
N N N N N
s v o s v o s v o o v o s v o
040z Ut 3) uononpoid AloLeE 020z ut (3) uononpod AoLeE 0£0z Ut (:3) uononpold AloLeE 0v0z Ut 3) uononpod AoLeE 050z ut (:3) uononpoid AoLeE
(€s) deo %00 %05 (€s) deo %00 %05 _HH (€3) deo %00 %05 :H' (€s) deo %00 %05 DH - H ] (es) deo 200 %0s _ * _ - _w (€s) deo %00 %08
0502/ auljeseg 0502/ auljeseg 0502/ auljeseg 0502/ auljeseg 0502/ auljeseg
ded 200 %0§ ded 200 %0§ ded %00 %0§ ﬁ ded 200 %0§ ﬁ | deo 00 %0g ]
S¥0Z/m suljeseg S¥0Z/m suljeseg S¥0Z/m suljeseg S¥0Z/m suljeseg S¥0Z/m suljeseg
deo 200 %0 deo 200 %0§ deo 200 %0§ ﬁ deo 200 %0§ ﬁ [| deo 00 %0g [| deo 00 %0g
0¥02Z/m suljeseg 0¥02Z/m suljeseg 0¥0Z/m suljeseg 0¥0Z/m suljeseg 0¥02Z/m suljeseg
deds ‘00 %0§ deds 00 %0 des ‘00 %0§ deds ‘00 %0§ | deo 00 %05 _ * _ | deo 00 %05
GE0z/M auljeseg GE0z/M auljeseg GE0z/M auljeseg 5E0z/M auljeseg GE0z/M auljeseg 5E0z/M auljeseg
deo %00 %05 deo %00 %05 deo %00 %05 _ * - D deo %00 %05 -ﬁ - [ deo %00 %o0s |-D [ deo %00 %05
0€02/M auljeseg 0€02/M auljeseg 0€02/M auljeseg 0€02/M auljeseg 0€02/M auljeseg
(zs) soeqiioy (zs) soeqiioy (zs) soeqiioy (zs) soeqiioy EH (zs) soeaiioy (zs) soeqiioy
0 [t [t 0 0 [t
o - N ™ < [t
S (15) ouoseg o = (15) ouoseg = (15) ouoseg = E (15) ouoseg = EH (15) ouoseg
N N N N N N
- v o v o o s v o - v o v o o v o v o o s v o o s v o
g e e g e e g e e g e e g e e g e e
5002 Ut £3) uononpoid A1 $102 Ul £3) uonoNpoid AId1I1P81 5202 U1 £3) uooNpoid AId11PR1 $€02 Ul (3) uonoNpoid AId1I1P81 $02 Ul £3) uonoNpoid AId1I1P81 $502 Ul £3) uonoNpoid AId1IPR1

D-3



des 00 %0G G£0Z/M duljeseg —

(€S) deo 00 %0S 050Z/M 8uljeseq deos °0D %0S 0£0Z/M auljeseg —
deo ‘0D %0G Sv0z/m duljeseg — (zs) Moeqioy —
des ‘0D %05 0v0z/M duljeseg  — (1s) suljeseg —

050 S€0Z 020Z S00T . 0502 S€0Z 020Z S00T . 050z S€0Z  020Z  S00T .
— 700 — 700 —————————71100
- G410 r 440 I 10
S ..m | .o_._._ B 420 m
P gttt 4270 3 : : : i (4 3+ 4€03
! CiidgoB [ R0 g 1rog
N PP o T n SIs Wit U P PR SR S L IR 1809
- oz [ - - Jeoa [ 1903
L b 4670 @ 8 - 1803
I loo® T [ = 905 | {80y
R L i, S aF AL/ IS 160
L 100 : : : g0 T 401 @
LB [ 5t s
" 8O foiiivdinii 60m | {zi o
- 4608 il LS I €1 8
L, o o A L BlARd
- 104 BT s SRR R R SRRt | 2 2 L7 REN’
i 1 i il Zl L .“ L —9'l
20 (M HO (I
050 S£0Z 020Z S00T . 050 S€0Z 0202 S00T . 050z S€0Z  020Z  S00T .
L A R B s e IO T T T T 7100 T T T T 100
: T PO R T IR () - RO 0% O FO T S O o I
O G 0 O O L ISR O S SO0 S O O - \N.o_.m_.“
| L L {08
- - 03
I [ 3 4ro3
| i [t b 1670
L {90
- - <
I i 3 AN
n ©
L L - ‘wow
: o 1 i i I \mo%
- Az + = F 40}
; — ; idey ; — ; iy
O°N(H 02 (© O0A (4 Wd (3
050 S€0Z 020Z S00T . 0502 S€0Z 020Z S00T . 0502 S€0Z 020Z S00T . 050z S€0Z  020Z  S00T .
1 0°0 —————————— 7100 —————————— 700 ————— 100
Jon 3 Fdiiieiaidiiiiieidzo 3
[0t | |
sy
1o |
qrog |
lgoz
460%
1048 |
dUres |
121 &
HeL r

D-4



	GLIMPSE_for submission_ESTformatted_reply_to_reviews
	Supporting info
	Appendix A GWP_writeup
	Appendix B Regional_energy_use
	Appendix C sector_totals
	Appendix D alt_CO2_scenarios


