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Introduction

Nitrogen oxides (NOx) are emitted when fossil fuels are combusted. In the atmosphere, NOx 

reacts with volatile organic compounds (VOCs) to produce tropospheric ozone (O3), a 

component of photochemical smog. Strategies for reducing O3 typically focus on modifying 

combustion processes or placing emission control devices on power plants, other industrial 

sources and vehicles. However, additional measures for reducing emissions may also need to 

be explored, for example, when traditional controls have been fully deployed. Non-

traditional abatement measures such as renewable electricity, energy efficiency, and fuel 

switching (RE/EE/FS) have the potential to increase emission reductions considerably 

beyond what is possible when applying traditional controls alone.

While energy system models have not typically been used to develop air quality 

management strategies, these models have the potential to facilitate examination of non-

traditional abatement measures such as RE/EE/FS. We applied one such model to develop 

national and regional Marginal Abatement Cost Curves (MACCs) for NOx that incorporate 

both traditional air pollutant controls and RE/EE/FS. We decomposed the curves to examine 

the emission reduction potential and the relative cost-effectiveness of RE/EE/FS. The 

regional MACCs provide insights regarding important geographic differences in abatement 

capacity. While this paper is focused on the development of MACCs for NOx, the approach 
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could readily be extended to other pollutants, including other precursors to O3 formation 

such as VOCs.

The resulting illustrative MACCs are specific to the underlying data and assumptions, as 

well as to our hypothetical implementation of future NOx reduction goals. In the Summary 

section, we describe a number of caveats and discuss our future research directions to 

develop MACCs that could be used in support of regional and national air quality decision 

making.

Background

A MACC, which depicts the relationship between pollution abatement and cost, is often 

represented as a piece-wise linear curve or as a step curve on an X-Y plot. In the context of 

air quality management, the x-axis typically represents tons of emissions reduced, while the 

y-axis represents the cost of reducing the last ton of emissions at that level of overall 

abatement. Moving from left to right on the x-axis yields increasing emissions reductions at 

higher marginal costs, typically producing a monotonically increasing relationship.

Morris et al. (2012) characterize two classes of applications of MACCs. The first is as a 

pedagogic tool that simplifies the complexities of abatement into a representation that can 

readily be understood and evaluated by decision makers. The second use is as a reduced-

form characterization of abatement control that can be incorporated into another model. In 

the pedagogic context, a MACC has a number of uses in air quality management. Integrating 

under the curve to a particular reduction level yields an estimate of the associated abatement 

cost. Furthermore, the MACC can be used to quantify the amount of abatement that is 

economically achievable, approximate how much abatement would occur at a given tax on 

emissions, estimate the permit price under a cap-and-trade program, and understand the 

relative cost-effectiveness of various mitigation options (Kesicki and Strachan, 2011). 

Within a cost-benefit analysis framework, MACCs can be used to identify the economically 

efficient level of abatement at which marginal costs equal marginal benefits (U.S. EPA, 

2014a).

The MACC concept was formally introduced into the literature in 1982, where it was used to 

examine cost savings associated with energy efficiency (Meier et al., 1982). Since then, 

MACCs have been applied to a wide range of efforts. Several of the more widely discussed 

examples include those of Jackson (1991) and McKinsey and Company (Creyts et al., 2007; 

McKinsey and Company, 2010), both of which characterized abatement costs for a range of 

greenhouse gas abatement measures. The MACC curve concept was formally introduced to 

air quality management literature by Rentz et al. (1994), who used an energy system 

optimization model to develop MACCs for sulfur dioxide (SO2).

Understanding how a MACC was created is important in interpreting its results and 

understanding its applicability (Kesicki and Strachan, 2011). Most MACCs can be classified 

as having been developed via either top-down or bottom-up methods, or as being non-

model-derived or model-derived (Delarue et al., 2010). Kesicki (2011) presents a lexicon 

that describes these categories. Non-model-derived MACCS are developed by characterizing 
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the costs and abatement potential of the available measures, then ordering those measures by 

cost-effectiveness. Note that Kesicki originally referred to non-model-derived MACCs as 

being “expert-derived.” We propose this new terminology to avoid confusion with expert 

elicitation methods. Model-derived MACCs are developed by running an economic or 

energy system model iteratively, applying an incrementally increasing pollutant tax in each 

iteration. Model-derived approaches are further differentiated by the type of model used. 

Bottom-up models have a comparatively high level of technological detail about abatement 

options, but have a more simplified representation of economic considerations.

The strengths and limitations of various approaches for developing and using MACCs have 

received considerable discussion. For example, Stoft (1995) identify drawbacks that include 

lack of consideration of cross-sector impacts, economic feedbacks, and demand rebounds. 

Meier et al. (1982) raised the possibility of abatement options not being independent, which 

could lead to double-counting if not handled. For example, a water heater insulation blanket 

would not be as effective if a thermostat set-back measure had already been adopted. Thus, 

if the abatement potential from these two measures is summed independently, the abatement 

estimate would be unrealistically high. McKinsey and Company (McKinsey and Company, 

2010) indicated that considerable emissions reductions were possible at a negative cost, 

precipitating discussion regarding why these reductions had not been adopted already 

(Murphy and Jaccard, 2011; Taylor, 2012; Levign, 2016).

Model-derived MACCs address many of these shortcomings. If the underlying model 

captures cross-sector effects, such as competition for fuel between sectors, the resulting 

MACCs will incorporate information on those cross-sector effects. Also, model-derived 

MACCs avoid the problem of double-counting, as occurs in the water heater example above, 

if the model includes logic that avoids such a result. A disadvantage of model-derived 

MACCs is that the complexity of the modeled system may complicate tasks such as 

identifying the specific technological pathway taken by the model or producing a definitive 

ranking of abatement measures. Instead, insights may be limited to the sectoral level 

(Kesicki and Strachan, 2011).

Kesicki and Strachan (Kesicki and Strachan, 2011) point out limitations shared by both non-

model-based and model-based methods that would lead to divergence of the MACCs from 

real-world behavior. These limitations include factors such as: lack of consideration of non-

financial costs, market failures and barriers, and path dependencies, as well as unmodeled 

interactions among geo-political regions and inherent uncertainty in future policies and 

technology development. Recent literature delves into these and similar issues (e.g., Klepper 

and Peterson, 2006; Delarue et al., 2010; Morris et al., 2012; Taylor, 2012; Levihn et al., 

2014; Ward, 2014).

There have been a number of recent applications of air pollutant MACCs in the academic 

literature, including by Reis (2005), Vijay et al. (2010) and Wu et al. (2015), all of whom 

develop non-model-derived MACCs. MACCs also have been used in practice, such as by the 

U.S. EPA within Regulatory Impact Analyses (RIAs). Examples include the 2008 and 2015 

RIAs for the National Ambient Air Quality Standard (NAAQS) for Ozone (U.S. EPA 2008; 

U.S. EPA 2015), in which non-model-derived MACCs were created for abating nitrogen 
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oxide (NOx). The MACCs primarily consisted of control measures from the Control 

Strategy Tool (CoST) (U.S. EPA, 2014b). CoST includes a comprehensive database of 

traditional air pollutant controls, such as low NOx burners and selective catalytic reduction 

(SCR) devices, that reduce NOx emissions (U.S. EPA, 2017a). CoST currently contains 

relatively few options for reducing emissions via fuel switching and does not include 

measures such as energy efficiency, renewable electricity, or vehicle electrification.

In the research presented here, we explore the utility of bottom-up, model-derived MACCs 

for air pollutants, focusing on NOx. While the prior U.S. EPA MACCs examined the 

traditional controls in CoST only, the sector- and regional-specific MACCs developed here 

combine both traditional controls and RE/EE/FS. Thus, this approach incorporates a broader 

portfolio of pollution abatement measures and successfully quantifies and monetizes the 

additional reductions that are achievable.

Our empirical approach relies on the U.S. EPA MARKet ALlocation (MARKAL) modeling 

framework. The framework consists of the MARKAL energy system model (Loulou et al., 

2004) and the EPAUS9r_2014_v1.5 MARKAL nine-region database (U.S. EPA, 2013), 

which was modified to incorporate representations of traditional NOx controls. MARKAL is 

an optimization model that identifies the lowest cost energy technologies and fuels that meet 

the specified energy demands and performance constraints over the modeled time period. 

The database includes current and projected characterizations of U.S. energy demands, 

renewable and fossil resources, and energy production, transformation and end-use 

technologies. The database also includes emission factors for a range of traditional air 

pollutants. The use of this database within the MARKAL optimization framework permits a 

detailed examination of the potential RE/EE/FS play in reducing emissions. For a given U.S. 

energy system scenario, the EPA MARKAL framework produces fuel use, technology 

penetration, and emission estimates through 2055 at the U.S. Census Division level. For 

reference, Table 1 lists the MARKAL regions, the corresponding U.S. Census Divisions, and 

the states within each.

The EPA MARKAL Base Case scenario used in this study has been calibrated to 

approximate the technology assumptions and fuel use estimates of the U.S. Energy 

Information Administration’s 2014 Annual Energy Outlook (U.S. EIA, 2014). In addition, 

the Base Case incorporates approximations of state-level renewable portfolio standards and 

air pollution regulations such as the Cross State Air Pollution Rule (Fed. Regist., 2011), the 

Tier 3 mobile source emission standards (U.S. EPA, 2014b), and the Clean Power Plan (Fed. 

Regist., 2014). Emission factors are derived from a number of sources, including the EPA’s 

WebFIRE (U.S. EPA, 2017b), Greenhouse Gas Inventory (U.S. EPA, 2012), and the MOtor 

Vehicle Emission Simulator (MOVES) (U.S. EPA, 2010).

Methodology

Data were drawn from CoST to characterize currently available NOx controls in the 

industrial, residential, commercial and off-highway transportation sectors. See the 

Supplemental Information for a description of how controls were characterized. These 

controls were then added to the MARKAL database, complementing the electric sector NOx 
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controls already represented. Incorporation of controls allows the model to react to the 

imposition of NOx emission constraints or per-ton emission taxes with the lowest cost 

combination of both controls and RE/EE/FS.

Next, baseline regional NOx trajectories over the modeling horizon were estimated from the 

MARKAL Base Case. A maximum traditional control case was also run in which traditional 

controls were fully deployed, without any explicit measures to adopt RE/EE/FS. Note that 

some RE/EE/FS may be applied endogenously as the model reacts to the additional cost of 

control measures. For example, in the maximum traditional control scenario, all coal-fired 

electricity production was required to use SCR. This requirement would increase the cost of 

that production, so the model could respond with some amount of fuel switching to other 

fuels or technologies, such as natural gas combined-cycle turbines.

We then iteratively executed MARKAL, forcing increasingly stringent regional NOx 

reduction constraints upon the baseline with each iteration, including traditional controls and 

RE/EE/FS. These constraints reduced 2035 NOx emissions from each region, starting at 2.5 

percent from baseline 2035 levels and decreasing in 2.5 percent increments to a 40 percent 

reduction. The constraints were implemented linearly from 2015 to 2035 and held constant 

after 2035.

Note that to more clearly trace out regional MACCs, we apply a percent reduction constraint 

to each region rather than a national or regional pollutant tax as described by Kesicki and 

Strachan (Kesicki and Strachan, 2011). Use of a tax can result in the model making 

decisions that result in non-monotonically increasing MACCs. For example, the model may 

react to a marginal increase in emissions tax rate by shifting electricity production from one 

region to another. While emissions reductions would occur in the aggregate, the regional 

response would vary by region. Requiring each region to simultaneously meet the same 

percent reduction target avoids this type of issue and, as a result, produces more easily 

interpretable regional MACCs.

The year 2035 was selected as the end point for the trajectories, as well as the year for which 

MACCs are calculated for several reasons: (i) 2035 is at the far end of the range of years for 

which regulatory impact analyses typically have been conducted by U.S. EPA, (ii) 2035 is 

far enough into the future that significant technological turnover can occur, and (iii) there is 

less uncertainty in factors such as population growth, economic growth and technological 

development that would be expected in later years such as 2050. While the emission 

constraints are tightened over the 2015 to 2035 period in a linear fashion, representing a 

gradual flightpath to achieving emission reductions, alternative approaches to designing the 

constraints are possible.

The spatial resolution at which the emission reduction targets are modeled affects the 

resulting MACCs. For example, faced with a national reduction target, MARKAL would 

efficiently allocate the required emission reductions across regions, potentially leading to 

situations where some regions could even increase emissions as long as the national 

reduction target is met. Thus, the use of a national constraint may not yield directly 

applicable regional MACCs. However, by applying regional constraints in developing our 
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MACCs, we are able to develop meaningful region-specific curves that could also be 

aggregated to the national level.

Figure 1 illustrates emissions levels in the baseline and under the maximum traditional 

control scenario in the South Atlantic U.S. Census Division, which is Region 5 in the 

MARKAL database, as well as several emission reduction constraints. Since the 30% and 

40% reduction trajectories are below the maximum control trajectory, they cannot be 

achieved without nontraditional measures, such as RE/EE/FS.

In total, twenty-two MARKAL runs were conducted, including the baseline, maximum 

traditional control scenario, and alternative regional NOx trajectory constraints. For each 

run, recorded outputs include technology penetrations, fuel use, application of controls, 

sectoral emissions and marginal NOx abatement costs.

Results and Discussion

Figure 2 depicts the resulting MACC for NOx at the national level. Marginal costs for this 

MACC and others presented in this paper are in $2005s. For each reduction scenario, the 

marginal abatement cost represents the weighted average of the marginal abatement costs 

across the nine MARKAL regions. This MACC includes both traditional controls and 

RE/EE/FS. Base Case NOx emissions in 2035 are approximately 6,000 kTonnes, so 2,000 

kTonnes would constitute an emission reduction of approximately one-third. Note that Base 

Case NOx emissions in 2035 are projected to be substantially lower than recent levels (about 

14,000 kTonnes in 2011) because of the suite of requirements and technological trends 

included in the Base Case, such as existing air pollutant regulations on stationary and mobile 

sources that are expected to lead to substantial emissions reductions in future years. These 

substantial reductions already in the Base Case highlight why obtaining further NOx 

reductions may be challenging in the future (e.g., since traditional controls have already 

been accounted for) and may require alternative mitigation approaches such as RE/EE/FS to 

reduce NOx significantly further.

Comparing the results shown in the MACC with those of the maximum traditional control 

scenario illustrates that inclusion of RE/EE/FS expands the amount of emissions that can be 

abated and that it does so in a cost-effective manner. For example, the maximum traditional 

control scenario reduces national NOx emissions in 2035 by 1,240 kTonnes at a marginal 

cost of $10,300 per tonne. At a similar marginal cost, the MACC suggests 1,500 kTonnes of 

abatement is achievable.

In Figure 3, we decompose this MACC into its sectoral contributions. These results indicate 

that reductions are achievable from all sectors at marginal costs below $60k/tonne. The 

sectors that provide the greatest reduction opportunities are the electric generating unit 

(EGU), industrial and transportation sectors. In these sectors, the marginal abatement costs 

appear to increase rapidly beyond approximately $5k/tonne, though the rate of increase is 

more gradual for the EGU sector. Meanwhile, reductions from the residential and 

commercial sectors provide relatively little abatement potential, although their abatement 
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opportunities are comparatively inexpensive. Very little reduction potential is associated 

with the resource sector, which primarily consists of fossil fuel extraction activities.

Figure 4 decomposes the MACC into its constituent curves for traditional controls and 

RE/EE/FS. These components can be separated since the results (marginal costs and 

emission reductions) for traditional control reductions and total reductions are reported by 

MARKAL. Explicitly disaggregating the resulting RE/EE/FS curve into its individual RE, 

EE, and FS components is not readily accomplished since there are considerable interactions 

among these components. For example, a switch to a more energy efficient end use 

technology may also involve fuel-switching. We do not attempt this disaggregation, although 

it may be worth exploring in future work.

These results point to an important finding: RE/EE/FS were able to produce approximately 

30 to 40 percent reduction beyond traditional controls, up to $60k/tonne. The share of 

reductions attributable to RE/EE/FS increased further at higher levels of abatement. While 

the overall MACC is monotonically increasing, as expected, the curve formed from the 

underlying contribution of traditional controls to the MACC begins to double back as overall 

emissions reductions approach 2,000 kTonnes and reductions from traditional controls 

approach approximately 1,200 kTonnes.

Note that $60k/tonne is assumed to be the marginal cost above which controls are 

considered too expensive. This value is more than ten times greater than the cost of SCR. In 

the real world, many factors would factor into the decision of what marginal cost is 

considered too high, and this value may be greater than or less than $60k/tonne.

Figures 5 and 6 are presented to explain this outcome further. Figure 5 shows the electric 

sector MACC and its components, inverted so that we can more readily visualize how NOx 

reductions respond to increasing marginal costs.

Figure 5 illustrates that in the electric sector, a large majority of the traditional controls are 

applied at a marginal cost of $10k/tonne or less. The remaining control-related reductions 

are incrementally applied through costs up to about $35k/tonne. However, above this 

marginal cost, the control-related reductions begin to diminish gradually as marginal costs 

increase. Thus, the national level supply of abatement from control-related reductions is 

backward bending for the EGU sector, and RE/EE/FS contribute an increasing share of NOx 

reductions as overall NOx emissions reductions increase.

Figure 6 shows how electricity production by fuel type responds to increasing marginal 

costs, highlighting some of the underlying drivers affecting the aggregated results in Figure 

5. For reference, total Base Case electricity production in 2035 is approximately 33,000 PJ, 

with one-third from coal and one-third from natural gas.

As the marginal costs increase, MARKAL transitions away from coal toward less NOx-

intensive fuels. A portion of the traditional controls for coal is thus no longer applicable 

since the model has shifted from coal to other fuels. Thus, fuel-switching is responsible for 

the back-bending behavior of the control curve. This result illustrates how our model-based 

approach for deriving MACCs can avoid the issue of double-counting pollutant controls.
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Figure 6 depicts this behavior. At marginal costs less than $5k/tonne, coal is replaced with 

natural gas. However, the role of gas diminishes as marginal costs increase beyond $5k/

tonne. Starting at $28k/tonne, natural gas use is lower than in the Base Case. Output from 

wind is increasing at marginals greater than $5k/tonne, but very little additional capacity is 

added after $35k/tonne.

While reliance on solar power decreases at marginal costs up to $15k/tonne, it then increases 

rapidly at higher marginal costs. This result, which is driven by electric sector changes in the 

South Atlantic Census Division, illustrates one of the insights that can be provided with 

MARKAL. Since coal is a base-load technology that generates electricity day and night, it is 

not easily replaced with solar photovoltaic (PV) generation that generates electricity only 

during the day. Instead, in the South Atlantic, coal is replaced by natural gas which has more 

flexibility than coal or solar in terms of seasonal and time-of-day operations. Once solar 

enters the solution at higher marginal costs, however, it does so by replacing natural gas. A 

portion of the remaining gas capacity is then able to increase output at night when solar 

power is not producing electricity. Coal would not be able to ramp up and down 

economically in a similar fashion.

Figure 6 also indicates that end-use fuel switching is occurring. We did not evaluate which 

end-uses were undergoing fuel-switching, but available options include vehicle 

electrification and greater adoption of electric heat pumps for space conditioning. With 

greater restrictions on NOx emissions, and evaluating how to most cost-effectively meet 

those targets from a system perspective, MARKAL opts to transition some end uses from 

fossil fuels to electricity, increasing electricity production. Figure 6 is also notably based 

upon what does not appear. For example, MARKAL does not find introduction of additional 

nuclear power plants to be a cost-effective means of reducing NOx in the scenarios we 

examine here. Similarly, biomass does not play a major role in these results, at least at the 

national scale.

Figure 7 presents the regional MACCs as a function of the regional percent reduction of 

NOx. These results indicate that the MACC can be very different from one region to another. 

Regions with relatively high utilization of coal in electricity production, such as the Middle 

Atlantic (2), East North Central (3) and East South Central (6), have more reduction 

potential, as indicated by their MACCs being lower and shifted to the right. In contrast, New 

England (1) and the Pacific (9) rely more on natural gas and other technologies. Their 

reduction potentials from controls and from fuel switching are thus more limited.

In Figure 8 we examine the relative role of RE/EE/FS in each region. The percentage of 

regional reductions achieved by RE/EE/FS are shown as a function of the 2035 NOx 

reduction target. For example, the combination of a 40 percent regional reduction target and 

20 percent reduction from RE/EE/FS indicates that half the 40 percent reduction target is 

being met by RE/EE/FS. The last regional target level at which the regional marginal cost 

for NOx reduction is less than $60k/tonne is indicated by a marker on each series on the 

figure.
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All regions are shown to have the potential to meet some fraction of the regional reduction 

target via RE/EE/FS. For a 40 percent regional reduction target, this potential varied from 

approximately one-sixth in the East North Central region (3) to nearly all in New England 

(1).The results also show considerable regional variability in both RE/EE/FS potential and 

cost-effectiveness. Regions with high percentages of Base Case 2035 electricity generation 

from coal [e.g., West North Central (4) – 52 percent and Mountain (8) – 42 percent] tend to 

have a relatively low portion of reduction achieved by RE/EE/FS, at least until traditional 

controls have been fully deployed. In contrast, the New England (1) and Pacific (9) regions 

generate a much lower fraction of electricity from coal and thus must turn to RE/EE/FS. 

With limited traditional control opportunities, their mitigation costs are higher. For example, 

in the New England (1) and Pacific (9) regions, marginal costs begin to exceed $60k/tonne at 

20 percent and 25 percent NOx reduction targets, respectively. Other regions can achieve 

37.5% or 40% before marginal abatement costs exceed this value.

Summary

We demonstrate the use of the EPA MARKAL energy system framework in developing 

national and regional MACCs for NOx that incorporate both traditional controls and 

nontraditional measures, such as renewable electricity, energy efficiency, and fuel switching 

(RE/EE/FS). This application adds to the academic literature in energy and environmental 

modeling by presenting an approach to estimating MACCs that simultaneously accounts for 

traditional controls and RE/EE/FS. From an air quality management perspective, the study 

results are of interest since we quantify the regional-level NOx emission reductions 

achievable by traditional controls and RE/EE/FS and the costs associated with these 

reductions, illustrating that a portion of RE/EE/FS appear to be cost-competitive with 

traditional controls.

These results indicate that MACCs built from traditional controls alone underestimate 

abatement supply and overestimate the cost compared to the reductions that could be 

achieved if a more complete portfolio of options were to be considered. The results also 

point to the utility of considering traditional controls and alternative measures in a single 

decision-analysis framework and indicate that energy system models may be good tools for 

this purpose. In particular, the result of a backward-bending relationship between emission 

reductions from traditional controls and marginal cost illustrates how MARKAL can capture 

complexities such as the reduced abatement potential from coal-fired power plants in 

modeling scenarios where these technologies are replaced by other technologies or fuels.

Another observation is that some specific RE/EE/FS are not implemented in model solutions 

at marginal costs of less than $60k/tonne, which would be expensive for NOx reductions. 

However, many of these RE/EE/FS can provide multipollutant benefits. As a result, 

multipollutant reduction strategies may lead to a higher level of penetration of these 

technologies than strategies that focus on single pollutants only. The energy system 

modeling approach described here could be extended to evaluate a multipollutant approach.

An important consideration we demonstrate is that the potential role of RE/EE/FS in 

reducing NOx differs by region of the country. Further disaggregation of the regional results 
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by sectoral fuel and technology choices may help in identifying the most cost-effective 

strategies for introducing specific RE/EE/FS at the regional level.

In discussing the methodology, we previously highlighted that a MACC developed using a 

national emission constraint may not be directly applicable to a particular region since the 

model would allocate abatement across regions based on cost-effectiveness. A similar 

consideration should be taken into account when evaluating the utility of a regional MACC 

for state-level decisions. The MACC could provide some guidance regarding regional 

abatement potential and cost. Implicit in the MARKAL regional result, however, is that 

state-level results would vary, also influenced by factors such as differences in baseline 

state-level technology capacities and by renewable potential that are not captured within a 

regional model.

Many caveats should be noted. The MACCs presented here are intended to be illustrative. 

Their integration into an optimization or planning model to represent abatement options may 

not be appropriate if that model also includes traditional controls or RE/EE/FS. Furthermore, 

the MACCs are specific to the assumptions made during this exercise. For example, we use 

technology performance assumptions primarily derived from the AEO 2014 Reference Case 

scenario. Alternative assumptions about technology availability and performance, as well as 

alternative assumptions about impacts of policies in the baseline, would influence results in 

the Base Case and the NOx-constrained scenarios.

Another consideration is that the MACCs presented in this paper focus on 2035 alone. 

Analysis of an alternative future year would yield different MACCs. A challenge in an 

analysis spanning multiple decades is how to consider time-dependent results. In other 

words, while we focus on results in 2035, these results depend upon modeled decisions in 

previous periods as well as how decisions in 2035 influence modeled decisions in later 

periods. Similarly, the iterative approach used to develop the curves assumed a linear 

transition to the ultimate NOx reduction targets. Alternative assumptions, such as nonlinear 

trajectories, would undoubtedly affect the resulting MACCs.

The curves developed in this study are for only one possible realization of the future. There 

are deep uncertainties regarding many of the drivers of future emissions, including future 

population growth and migration, economic growth and transformation, technology 

development, behavioral and land use choices, and any additional future policies. One 

approach for addressing these uncertainties would be to calculate MACCs for wide-ranging 

scenarios of the future, exploring commonalities and differences in the possible roles for 

traditional controls and RE/EE/FS.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Example of NOx emissions for baseline and maximum traditional controls scenarios, as well 

as incrementally more stringent regional NOx constraints for Region 5, the South Atlantic.
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Figure 2. 
National MACC for NOx for 2035.
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Figure 3. 
National, sectoral MACCs for NOx for 2035.
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Figure 4. 
National MACC for NOx for 2035, as well as MACCs for reductions attributed to traditional 

controls and RE/EE/FS.
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Figure 5. 
National electric-sector MACC for NOx for 2035, oriented with marginal cost on the X-axis.
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Figure 6. 
Change in electricity production by fuel in 2035 as a function of marginal cost. Electricity 

production by fuels or technologies not shown on the graphic (e.g., oil, biomass, nuclear and 

hydropower) did not change.
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Figure 7. 
Regional MACCs for NOx in 2035.
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Figure 8. 
RE/EE/FS portion of regional MACCs in 2035 (percent of NOx emissions reduced; e.g., the 

combination of a 40 percent regional reduction target and 20 percent reduction from 

RE/EE/FS would indicate that half the reduction target was met by RE/EE/FS). The markers 

along each series indicate the last reduction target at which the marginal was less than $60k/

tonne.
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Table 1.

List of MARKAL regions and corresponding U.S. Census Divisions and states. Standard abbreviations are 

used for states.

MARKAL Region U.S. Census Division States

1 New England CT,ME,MA,NH,RI,VT

2 Middle Atlantic NY,NJ,PA

3 East North Central IN,IL,MI,OH,WI

4 West North Central IA,KS,MN,MO,NE,ND,SD

5 South Atlantic DE,DC,FL,GA,MD,NC,SC,VA,WV

6 East South Central AL,KY,MS,TN

7 West South Central AR,LA,OK,TX

8 Mountain AZ,CO,ID,NM,MT,UT,NV,WY

9 Pacific AK,CA,HI,OR,WA
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