
Response to Editor and Referee Comments on  

“Estimating Criteria Pollutant Emissions Using the California 
Regional Multisector Air Quality Emissions (CA‐REMARQUE) 
Model v1.0” by Christina B. Zapata et al. 

 

Response to Editor Comments 

Comment 1.  

In order to comply with GMD policy, your manuscript must include the name and version number of the 

model in its title, the model code must be made available, and the code availability should be described 

in your "Code and/or Data Availability" section. If the original model code has not been modified for this 

manuscript, I think it would still be appropriate to mention the availability of the version of the model 

you used. 

Response 1. 

We have added the model version number to the title as suggested.   

 

Response to comments by Anonymous Referee #1 

 

————‐ General comments: ————‐ 

In this manuscript, the authors use the CA‐REMARQUE method to develop 4km gridded emission 
inventories for the year 2050. Two inventories are generated: a baseline inventory and one in which 
GHG emissions are reduced by 80% relative to 1990 levels. The scenarios were developed using the CA‐
TIMES model. The authors describe their approach for translating the CA‐TIMES projections into criteria 
pollutant values based on a variety of sector‐specific procedures. The authors then examine the 
resulting 4 km inventories and highlight differences in scenario‐, sector‐, and pollutant‐specific emission 
trends. Furthermore, they compare the changes in emissions to those of a more generalized, expert‐
driven approach and suggest that considering California specific conditions (e.g., regulatory 
environment, existing stock, renewable resources) yield very different changes in emissions than a more 
generalized approach found in the literature. 

Scientific significance: This work tackles an important objective ‐ developing emissions inventories that 
can be used to examine the air quality implications of specific energy system scenarios. While others 
have also tackled this problem, this work adds important detail. However, because the literature review 
is very limited, the authors are not able to explicitly identify how they advance the science. (see "Specific 
Comments" for suggestions about expanding the literature review) 

Scientific quality: I believe that the scientific approach and methods are underlying the work presented 
here are valid. 

Scientific reproducibility: The authors do an very good job of describing the process that they used to 
develop future‐year inventories from energy system modeling results. While replicating the work for this 



or another state or geographic region would undoubtedly be a large and difficult task, that difficulty 
would not be due to lack of information on the method. 

Presentation quality: In general, I feel as if this manuscript is well written and that the experimental 
design and results reinforce the arguments presented by the authors. Nonetheless, I think the 
presentation quality could be improved substantially if the graphics provided in the results section were 
revised. One particular area of improvement is in the graphics that map PM emissions for both 
scenarios. I believe the intent of these graphics was to illustrate (i) the ability to develop spatially explicit 
inventories, and (ii) the changes in these emissions from one scenario to another. By using different 
scales on each image, however, the differences are not readily apparent. I suggest using the same scale 
or perhaps showing a graphic for the business as usual case and another with deltas associated with the 
GHG mitigation case. The stacked bar graphs that showed pollutant specific changes were also confusing 
and it was not clear what stacking of percents was intended to indicate. Those data could be much more 
easily presented and compared using a table. 

———– Specific comments: ———– 

Comment 1: 

I feel that the manuscript has several deficiencies, and that it could be improved substantially if these 
deficiencies are addressed. Please see the "Specific Comments" below. My main concern is related to 
the literature review which could be expanded. I suggest that the authors include addition studies that 
examine the emissions or air quality impacts of alternative policy scenarios. A few for the U.S. are listed 
below (although I do not think that all of these necessarily need to be referenced): 

* Keshavarzmohammadian A, DK Henze, and JB Milford (2017). Emission impacts of electric vehicles in 
the US transportation sector following optimistic cost and efficiency projections. Envir. Sci. Technol., 
51(12), 6665‐6673. 

* Loughlin DH, WG Benjey, CG Nolte (2011). ESP v1.0: methodology for exploring emission impacts of 
future scenarios in the United States. Geosci. Model Dev., 4, 287‐297. 

* Ran L, DH Loughlin, D Yang, Z Adelman, BH Baek, and CG Nolte (2015). ESP v2.0: enhanced method for 
exploring emission impacts of future scenarios in the United States ‐ addressing spatial allocation. 
Geosci. Model Dev., 8, 1775‐1787. 

* Rudokas J, PJ Miller, MA Trail, and AG Armistead (2015). Regional air quality management aspects of 
climate change: Impact of climate mitigation options on regional air emissions. Environ. Sci. Technol., 
49(8), 5170‐5177. 

* Trail MA, AP Tsimpidi, P Liu, K Tsigaridis, Y Hu, JR Rudokas, PJ Miller, A Nenes, and AG Russell (2015), 
Impacts of potential CO2‐reduction policies on air quality in the United States. 49(8), 5133‐5141. 

Similar to this manuscript, the Loughlin et al. 2011 paper also illustrates the development of region‐, 
sectoral‐ and pollutant‐specific implications of a climate policy and discusses how an energy system 
model’s emission projections can be used to develop inputs to air quality modeling. Ran et al. (2015) 
build on that by adding a land use change compontent to spatially re‐allocate emissions for some 
sectors. This manuscript would benefit greatly by a comparison to the Loughlin et al. and Ran et al 
papers. In such a comparison, I feel that the work presented here has much to add. For example, it 
explicitly tackles a state’s regulations, goes into much greater detail regarding specific sectors (e.g., 
nonroad and marine), tackles the siting of new biomass‐related emission sources, examines speciated 
emissions changes from fuel switching (e.g., fossil to biofuels), incorporates consideration of the PM 



benefits of regenerative braking, and seeks to examine the impact of controls on particle size 
distribution. Described in the context of these advances, I think the merits of the work presented here 
are much clearer and point to areas where other analyses could be improved. 

Response 1:  

We agree that an expanded literature review describing the latest work and findings in field will 
strengthen the study and help put the results in context.  We have provided a brief description of 
these studies and cited the references in the introduction section of the revised paper.   

Comment 2: 

I have an additional concern that is perhaps less critical. My concern is related to the presentation of the 
scenarios themselves. The first scenario is relatively easy to understand as it is just a baseline or 
business as usual scenario. Nonetheless, California has a very unique energy system, so the underlying 
trends and dynamics there may not be readily apparent to readers. The second scenario is a GHG 
reduction scenario, although how the GHG constraint is implemented is not completely clear. Since the 
authors only compare emissions between a base year, 2010, and a future year, 2050, they have chosen 
to show the CA‐TIMES results only for those years. To convey the scenarios and underlying dynamics 
more fully, however, I believe the authors should show several model outputs for the period from 2010 
*through* 2050, not just in 2010 and 2050. These outputs would include at a minimum, and for both 
scenarios: (i) CO2 emissions by sector, and (ii) electricity production by technology, and (iii) energy 
system fuel use. Additionally, displaying fuel used or technologies adopted in the transportation and 
transportation sub‐sectors could be of interest but are not necessary. Stacked area plots would be one 
form of presenting these graphics. The sectoral GHG graphic would be particularly useful in 
understanding how the GHG policy is represented in the model. For example, is it a constraint 
represented only from 2050 onward as the text seems to imply? If so, how did the model respond to 
such a shock, and did it begin to make structural changes to the energy system with foresight or respond 
in more of a myopic way? These results wouldn’t necessarily need to be in the main body of the 
manuscript, and instead could be in the supplemental information.  

Response 2:  

The three CA‐TIMES predictions for CO2 emissions, electricity production and energy/fuel for each 
scenario are described in detail by Yang, Yeh et al. (2015), mainly Fig. 3, Fig. 8, and Fig. 10 or in the 
free version of the entire report (Yang, Yeh et al. 2014).  An explicit reference to these publications is 
now provided on line 108 of the revised manuscript, and a summary figure for the intermediate year 
2030 is now included in the SI.  Fuel consumption/production was extracted from CA‐TIMES results for 
2050 and provided in the SI to assist in explaining the emission results.   

The GHG‐STEP is a step change in the emissions requirement, but because the model has perfect 
foresight and is optimizing (minimizing) the energy system cost over the entire modeling period from 
2010 to 2050 (with a 4% discounting factor), it makes investment decisions that are necessary to 
ensure that the 2050 targets are met.  Because technologies have finite lifetimes and cannot take over 
their respective markets instantaneously (in 2050), investments in low‐GHG technologies start slowly 
and grow to reach the required market share needed to meet the targets.  These points have been 
clarified on line 102 of the revised text. 

<Actual enhanced description of the scenarios starts on line 88.> 

Additional substantive comments are listed below, preceded by page number: 



Comment 3: 

55: The text refers to other modeling efforts as over‐simplifying the California economy. This statement, 
I think, implies that CA‐TIMES includes a much more detailed representation of the economy. I advise 
care with that description, however. I suspect that CA‐TIMES respresents the "energy economy" only, 
which is only a portion of the larger economy, and may represent interactions with the rest of the 
economy via simple elasticities for energy demands or perhaps with a function that links to regional 
GDP. Many readers will assume that a model of the economy would take the form of a Computable 
General Equilibrium model, which would represent things like tradeoffs between labor and capital, 
employment, household income, etc. 

Response 3:  
We thank the reviewer for pointing out this over‐generalization of our description for CA‐TIMES,  
which models California’s energy system, not the rest of the economy.  We have modified the text on 
line 55 of the manuscript to clarify that CA‐TIMES is not a CGE model and we specify demands for 
energy services exogenously, which are not affected by technology choices.    
 
<Actual enhanced description of CA‐TIMES starts on line 74.> 
 

Comment 4: 

76: I suggest adding additional information to the description of CA‐TIMES. For example, listing the 
sectors included would be helpful, as would listing the pollutants included in the model. Does it just 
represent CO2, or does it add other GHGs? What about air pollutants? Are demands fixed or elastic? 
How the model handles the rest of the country and the rest of the world? How trade with region(s) 
outside of CA is considered and constrained? Answers to some of these questions are alluded to later in 
the paper (as we see what CA‐TIMES has produced and how it is used), but it would be very useful to 
have these types of questions answered explicitly when the model is introduced. 

Response 4:  
The CA‐TIMES description has been enhanced starting on line 86 of the revised manuscript.  Supply 
sectors are electricity and resources and fuel supply.  Demand sectors are transportation, residential, 
commercial, industrial and agricultural. CA‐TIMES includes emissions of CO2, methane and N2O, but 
not air pollutants (these are added in the current manuscript).  Demands for energy services are 
fixed.  Imports are allowed from out of state (e.g. oil and natural gas) with specified costs that are 
considered in the overall optimization scheme.  Renewables and Biomass within the state and outside 
the state are handled separately with import levels once again chosen to optimize total costs.   
 
<Actual enhanced description starts on line 74.> 
 

Comment 5: 

Fig 8: What is driving the reduction in commercial energy usage in 2050 GHG‐Step? Is it elastic 
demands? More efficient technologies? Or is there commercial (on‐site) solar power that isn’t being 
shown? 

Response 5:  



The text on line 427 of the revised manuscript has been modified to state that commercial energy 
reduction is due to efficiency and electrification of end uses.  

<Actual change is on line 407.> 

Comment 6: 

Fig 10: At first glance these look the same. It isn’t until you examine the legend that it is clear that there 
has been a 2/3 reduction. I suggest having the scale the same on all the graphs. Alternatively, you could 
show the 2050 emissions and another graph showing deltas (e.g., where they increase or decrease). The 
latter approach may be more useful in conveying air pollutant emission co‐benefits (or dis‐benefits). 

Response 6:  

Figure 10 has been revised to show the BAU and the delta emissions as suggested by the reviewer.   

Comment 7: 

689 ‐ Stacking percentages are difficult to interpret? Was a single % change then apportioned to 
components? If not, it may not be appropriate to stack these values. Perhaps you could show the actual 
quantities? I feel like a table would convey the information better. 

Response 7: 

The bar chart in Figure 17 was designed to indicate how each emission sector or source category is 
contributing to a percentage change in the nominal emissions.  The text on line 700 of the revised 
manuscript has been added to better explain the figure. 

Contributions below 0% indicate emissions reductions, while contributions above 0% indicate 
emissions increases.  Each of these changes represents the statewide average for the sources within 
the indicated sector.  Note that the changes within each sector may not be uniform across the entire 
state. The net change in total emissions is indicated by the black horizontal line for each species.   

A table of the results summarized in Figure 17 has been added to SI.   

<Actual change starts on line 680.  Actual 3 tables added Table S36‐38.> 

———– Editorial comments and corrections: ———– 

My other comments, which are more editorial in nature, are listed below. I hope that these are helpful 
in revising what I feel is a very interesting manuscript. 

Line #: comment 

Comment 8:  

54: Editorial suggestion ‐ Here and throughout, avoid using "/". Also, where you have "and/or" I suggest 
just using "or", which is not necessarily mutually exclusive. 

Response 8:  

Text throughout the manuscript changed to use “or” instead of “and/or”. 

Comment 9:  

86: CAFE should be spelled without the accent mark on the E 



Response 9: 

Corrected.  

Comment 10:  

87: References to the regulations affecting CA would be helpful 

Response 10:  

References added. 

Comment 11:  

105: The statement is made that "vehicular emissions for the year 2050 were extrapoled", which left me 
wondering how. I see that you explain this later in the paper, but is there a way to reorganize so the 
reader doesn’t ask this question, or, if they do, the answer if provided sooner? I had a similar concern 
with the text "vehicular activity and fuel consumption splits were applied..." in line 108. 

Response 11: 

The text in Section 2.1 of the revised manuscript has been revised to more clearly explain how 
emissions were extrapolated and fuels were split when this issue is first introduced.   

<Actual changes made to section 2.2> 

Comment 12:  

Figure 2: The abbreviation EIC is used prior to being defined 

Response 12:  

Emissions Inventory Code (EIC) now defined in Figure 2. 

Comment 13:  

Figure 2: Minor suggestion: for the "2050 CA‐TIMES Scenario on‐road Emissions" box, I suggest 
renaming this "On‐road emissions consistent with a 2050 CA‐TIMES Scenario". 

Response 13:  

Figure 2 has been extensively revised in response to another reviewer comment.  Text now reads “CA‐
TIMES 2050 Projections for vehicle miles traveled (VMT), fuel, and fleet composition statewide.   

Comment 14:  

128: A meteorological scaling factor is mentioned, but it isn’t clear what is assumed about meteorology 
in the future. 

Response 14:  

Text on line 168 revised to clarify that temperature and relative humidity are downscaled to 4km 
resolution in 2054. 

<Actual changes start on line 151.> 

Comment 15:  



128: It appears that the methodology does not explicitly consider expansion of existing roadways or the 
addition of new roadways. Similarly, I did not see a mention of the impact of land use change. If not, 
perhaps they could be mentioned in the discussion section as ways in which the analysis could be 
expanded? 

Response 15: 

The current analysis assumes that no new major highways will be built in California and population 
growth is accommodated partially through increased urban density such that traffic volumes increase 
uniformly across the transportation network.  We recognize these assumptions are simplistic but a 
previous study of smartgrowth in the San Joaquin Valley indicated that more detailed accounting of 
population growth had minimal impact on air quality.  These points are clarified in the updated 
discussion section of the paper as suggested by the Reviewer.   

Comment 16:  

145: There are two equations listed as (1). I suggest making each its own. 

Response 16: 

 Corrected. 

Comment 17:  

155: Please provide definitions for the vehicle sub‐categories 

Response 17: 

Clarified on line 191 of the revised manuscript, with an explicit reference to Table S2. 

Comment 18:  

209: Replace "_" with "approximately"? 

Response 18:  

Corrected. 

Comment 19:  

223: "Fueled" misspelled? 

Response 19: 

Corrected. 

Comment 20:  

345: Perhaps a better way to state "CA‐TIMES finds that it is too expensive to adopt biomass‐based fuels 
for ships in the GHG‐Step scenario in 2050" is that the model identifies other approaches for meeting 
the GHG target more cost‐effectively? 

Response 20: 

Revised as suggested. 

Comment 21:  



376: awkward 

Response 21:  

Reworded. 

Comment 22:  

388: Were wood and distillate held constant, or were they allowed to compete in CATIMES... but just 
not allowed to increase? 

Response 22: 

Clarified on line 426. These sources were allowed to compete in CA‐TIMES subject to the constraint 
that they could not increase above 2010 levels in order to maintain compliance with current air 
quality regulations.   

Comment 23:  

Fig 9: Too many significant figures are shown in the table. Perhaps limit to 3 for each value shown? 

Response 23: 

Significant figures reduced to 3 as suggested. 

Comment 24:  

431: CA‐GREET1.8b is argued to have the highest accuracy. But it isn’t clear what that means or to what 
it is being compared to evaluate accuracy. 

Response 24: 

Text on line 480 revised to clarify 

An inter‐comparison study between GREET1.8, GREET 2014, and CA‐GREET2.0 showed that theCA‐
GREET1.8b model had the best agreement with emissions rates from approximately 30 biomass plants 
operating on wood residue in California.   (California Air Resources Board 2011, US Environmental 
Protection Agency 2014). 

Comment 25:  

447: Replace "predicted" with "determined"? CA‐TIMES and similar models aren’t typically referred to as 
predictive models. Instead, they are used to evaluate how technology and fuel choices play out under 
particular scenarios and assumptions. 

Response 25: 

Revised as suggested. 

Comment 26:  

450: Do you know the amount of reduced usage vs. switching to imports? 

Response 26: 

Based on purely the crude oil supply numbers shown in Figure S6, crude oil supply reduces by 44% 
(2,400PJ down from 4300PJ in 2010) in the GHG‐Step scenario.  We’re not switching to imports as 



much as eliminating crude extraction within California (0PJ in 2050 GHG‐Step versus 1500 in 2010). 
This is likely due to carbon constraint and costs of extraction determined in CA‐TIMES relative to 
importing. Imports would also drop slightly by 14% (down to 2400PJ relative to 2800PJ in 2010) for 
this scenario.  Additional information added on line 497. 

Comment 27:  

453: Where "Assumed to increase" is used, I think the authors are referring to a model result, not an 
assumption. Perhaps reword to clarify. 

Response 27: 

 Corrected. 

Comment 28:  

711: The legend for Fig 18a should include at least one more significant digit to be more comparable 
with the other graphics. 

Response 28: 

Fig. 18 revised. 

Comment 29:  

744: You should probably be clear that the CA‐TIMES model "code" isn’t part of this package (assuming 
that it is not). 

Response 29: 

Clarified. 

Comment 30:  

734: "does not have significant impact on criteria..." I understand the point, but this is worded 
awkwardly. 

Response 30: 

Revised. 

   



Response to comments by Anonymous Referee #2 

 

The authors present an ambitious modeling effort to project air pollutant emissions from multiple 
sectors under differing climate policies at high resolution across California. In doing so, this study carries 
out a significant effort to simulate changes to technology, fuels and human activity for varying sources 
based on multiple models, datasets and careful assumptions. The paper describes a methodology that 
goes beyond prior attempts to project pollutant emissions changes associated with GHG mitigation 
strategies. The methodology and model developed will be a valuable contribution to the air quality and 
climate modeling communities. Additionally, the manuscript is well written. I believe the paper should 
be considered for publication in GMD. However, I have some concerns with the manuscript in its current 
form. These issues must be addressed before I can recommend publication. My comments are described 
below: 

Comment 1:  

‐ My largest concern relates to the presentation of results under section 3 Results and Discussion. 
Although the authors describe the model’s results and discuss some interesting findings, the section 
(particularly the plots and visualizations) should be improved to better communicate the study’s results. 
Figures 10‐15 are not informative. Figures 16 and 18 are unclear. The quality of all figures with maps in 
the section could be improved. Some specific comments are provided below. I encourage the authors to 
improve the manuscript’s overall discussion of results. 

Response 1: 

Figures 10‐15 were revised to show the spatial detail and location of various emission sources as well 
as indicate changes between scenarios. Figures 16 and 18 captions and scaling are clarified.   The 
legend scaling for all these figures have been updated to improve clarity and ease of scenario 
comparison. 

Comment 2:  

‐Although the study focuses on California, and the depth with which the authors model projected 
emissions within the state is a strength, the manuscript would benefit from including a discussion of the 
potential benefits and challenges associated with applying the emissions modeling methods used to 
other regions beyond California or at a national scale. Given the specificity of the analysis, it is difficult to 
identify which elements may be extended to other locations or to Policy/GHG/Energy projections 
developed with other models beyond CA‐TIMES. 

Response 2: 

The basic calculations demonstrated in the current manuscript to estimate criteria pollutant emissions 
that are consistent with energy policies can be extended outside California, but the tools and data 
sources needed for the analysis would need to be modified as appropriate for each new region.  
Within the United States, the mobile sector analysis would need to use the MOVES model created by 
US EPA rather than the EMFAC model created by the California Air Resources Board (CARB).  The 
spatially‐resolved based inventory would be produced from the National Emissions Inventory (NEI) 
rather than the inventory maintained by CARB.   

The input data needed for other sectors may be more difficult to obtain outside of California.  Changes 
to off‐road emissions would need to be estimated following procedures similar to those employed in 



the CARB off‐road VISION model.  Effort would be needed to estimate how changes to marine fuel 
sources would influence emissions at major ports.  Studies would need to be conducted describing 
potential locations for new facilities producing low‐carbon fuels and the resulting emissions from 
those facilities.  All of these studies have could be carried out for regions outside of California given 
sufficient time and resources.  

Comment 3:  

‐ Line 17: Change “play” to “plays” 

Response 3: 

Revised. 

Comment 4:  

‐ Cite references to strengthen the statements in lines 38‐40, 40‐41 and 42‐44. 

Response 4: 

Section removed since verbose (Comment 5). 

Comment 5:  

‐ The paragraphs from line 38 to 48 felt a bit verbose and off the point. 

Response 5: 

Removed. 

Comment 6:  

‐ Line 49: “Most previous attempts: : : focused on developing countries: : :” This is not correct; many 
studies have focused on the US. 

Response 6: 

Revised to discuss US studies more thoroughly. 

Comment 7:  

‐ Line 53‐55: Consider the study, by Zhang et al.; doi: 10.5194/acp‐16‐9533‐2016 

Response 7: 

Added. 

Comment 8:  

‐ Line 68: remove “previous” 

Response 8: 

Removed. 

Comment 9:  

‐ Line 81: define AB32 



Response 9: 

Defined AB32 as California Assembly Bill 32, the Global Warming Solutions Act on line 97. 

Comment 10:  

‐ Line 82: Better explain “step function constraint” 

Response 10: 

Text revised to explain step function more clearly on line 99.   

In the GHG‐Step scenario a “step” GHG emissions function constraint is applied in which a constant 
2020 cap is held until 2050, and then an 80% reduction is applied from 2050 onward. This allows the 
model to adopt strategies that lower GHG emissions prior to 2049 if those strategies minimize costs.  
This 2050 GHG constraint does not shock the energy system because the CA‐TIMES model has perfect 
foresight and optimally minimizes the energy system cost (with a 4% discount factor) over the entire 
period from 2010 to 2050 making investment decisions to meet targets.  Also, CA‐TIMES investments 
in low‐GHG technologies start slowly and grow to reach the required market share to meet the targets 
since technologies have finite lifetimes and cannot take over respective markets instantaneously. 

Comment 11:  

‐ Line 88‐89: How do projected energy consumption and population compare to current levels? 

Response 11: 

Text on line 115 revised to read 

CA-TIMES predicts total annual energy consumption in California for the year 2050 to be 8,763 PJ in the 
BAU scenario and 7,679 PJ in the GHG-Step scenario (reference value for 2010 is approximately 7,500 PJ). 

Text on line 647 revised to read 

Population growth from approximately 37.4 million in 2010 to approximately 50.4 million in 2050 was 
assumed to be identical under the BAU and GHG-Step scenarios yielding virtually identical spatial 
distributions for both scenarios. 

Comment 12:  

‐ Line 93: Change to “overview” 

Response 12: 

Fixed. 

Comment 13:  

‐ Define acronyms upon first mention, e.g. EMFAC on line 105 

Response 13: 

EMissions FACtor now defined on line 133 of the revised manuscript. 

Comment 14:  

‐ Line 117: Define VMT 



Response 14: 

Vehicle Miles Traveled (VMT) defined on line 138 of the revised manuscript. 

Comment 15:  

‐ I found figure 2 hard to follow and not very informative. In the figure, I do not see where the 4 km2 
resolution is achieved or the 2010 emissions inventory is used. I would recommend simplifying this 
figure into a version that better conveys the overall process, without showing every step included in the 
algorithm. 

Response 15: 

As requested, Figure 2 has been revised to provide an overview of the mobile source process that 
should be easier to follow.   

Comment 16:  

‐ Line 129: Is there a reference for the 2010 inventory? 

Response 16: 

No published reference is available but the inventory can be provided upon request by the staff at the 
California Air Resources Board.   

Comment 17:  

‐ Line 136: Is 2050 meteorology being used? If so, what is the source of this data? 

Response 17: 

Yes, 2050 meteorology is being used as described on line 167 of the revised manuscript.  

Comment 18:  

‐ Line 148: This appears to be a second scaling factor, beyond that just described in equations 1 and 2. 
This can be made clearer in the sentence. 

Response 18: 

Clarified. 

Comment 19:  

‐ Lines 148‐151: It seems that there are 2 projections being used, (1) the projection from EMFAC (which 
also accounts for policy) and (2) the CA‐TIMES projection. Are both projections fully compatible? 

Response 19: 

EMFAC accounts for population growth and emissions changes that are required by existing air quality 
rules and regulations through 2050.  CA‐TIMES accounts for additional changes that will be required to 
comply with state GHG targets but which have not yet been placed into emissions rules and 
regulations.  The two projections are compatible since we have not double‐counted any emissions 
reductions.  This has been clarified on line 186 of the revised text. 

Comment 20:  



‐ Line 280: change 2050 to 2010 

Response 20: 

Thank you. Corrected. 

Comment 21:  

‐ Line 318: Define ROGs 

Response 21: 

Reactive Organic Gases (ROGs) defined on line 169. 

Comment 22:  

‐ Figure 10: This figure should use the same scale on all panels to adequately contrast the emissions 
projected under the BAU and GHG‐Step scenarios. It would also be useful to map the difference 
between both scenarios, as well as the difference between each and the 2010 emissions inventory. In its 
current form, the figure is not very informative. 

Response 22: 

Figure revised as suggested.  

Comment 23:  

‐ The same observations mentioned above apply to figures 11‐15. 

Response 23: 

Figures revised as suggested.  

 

Comment 24:  

‐ Lines 572‐573: I’m not sure if this is clear; improving the figures would help. 

Response 24: 

Revised figures illustrate the trend more clearly.  

Comment 25:  

‐ Figure 16: What are the units on the color scale? 

Response 25: 

They are PM2.5 mass emissions in µg m‐2 min ‐1 of production at each facility. Clarified. 

Comment 26:  

‐ Lines 646‐649: These sentences are unclear. Which are minor and major pollutants? this is not a typical 
classification. 

Response 26: 

Text clarified on lines 703‐708. 



Comment 27:  

‐ Lines 656‐657: Cite literature supporting this. 

Response 27: 

Added. 

Comment 28:  

‐ Lines 659‐660: What is the rational for this statement? PM0.1 is a component of PM2.5, how are the 
health benefits amplified? 

Response 28: 

The text on line 716 has been clarified to read  

Recent epidemiology results indicate that PM0.1 is associated with mortality in the California 
Teachers Study (Ostro, Hu et al. 2015).  Enhanced PM0.1 emissions reductions could amplify the 
potential health benefits of the future GHG‐Step scenario beyond the level expected from reductions 
in PM2.5 emissions reductions.  

Comment 29:  

‐ Figure 17: The net total marker could be made clearer. 

Response 29: 

Done. 

Comment 30:  

‐ Figure 18: The quality of this figure should be greatly improved. Label the panels, make the scale 
coloring uniform among them. What units are being used for NOx? This shows the change with respect 
to BAU or 2010? 

Response 30: 

Figure modified as requested. 

Comment 31:  

‐ Line 706‐707: This sentence is unclear. How is the effect immediate? 

Response 31: 

Revised text to indicate the changing emissions patterns will have a direct effect on population 
exposure. 

Comment 32:  

‐ Line 11: What is meant by “second or higher rounds of emissions controls”? 

Response 32: 

Text at line 768 revised to state more clearly  



Similar efforts will be required to analyze the effects of GHG mitigation strategies on criteria pollutants in 
other highly-populated regions that have already moved beyond simple emissions regulations banning 
obvious sources of air pollution. 
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Abstract. The California REgional Multisector AiR QUality Emissions (CA-REMARQUE) model is developed to 8 

predict changes to criteria pollutant emissions inventories in California in response to sophisticated programs 9 

implemented to achieve deep Green House Gas (GHG) emissions reductions. Two scenarios for the year 2050 act as 10 

the starting point for calculations: a Business as Usual (BAU) scenario and an aggressive GHG reduction (GHG-11 

Step) scenario. Each of these scenarios was developed with an energy economic model to optimize costs across the 12 

entire California economy and so they necessarily include changes in activity, fuels, and technology.  Separate 13 

algorithms are developed to estimate emissions of criteria pollutants (or their precursors) that are consistent with the 14 

future GHG scenarios for the following economic sectors: (i) on-road, (ii) rail and off-road, (iii) marine and aviation, 15 

(iv) residential and commercial, (v) electricity generation, and (vi) biorefineries.  Properly accounting for new 16 

technologies involving electrification, bio-fuels, and hydrogen plays a central role in these calculations.  Critically, 17 

criteria pollutant emissions do not decrease uniformly across all sectors of the economy.  Emissions of certain 18 

criteria pollutants (or their precursors) increase in some sectors as part of the overall optimization within each of the 19 

scenarios.  This produces non-uniform changes to criteria pollutant emissions in close proximity to heavily 20 

populated regions when viewed at 4km spatial resolution, with obvious implications for exposure to air pollution for 21 

those populations.  As a further complication, changing fuels and technology also modify the composition of 22 

reactive organic gas emissions and the size and composition of particulate matter emissions.  This manifests most 23 

notably through a comparison of emissions reductions for different size fractions of primary particulate matter.  24 

Primary PM2.5 emissions decrease by 4% in the GHG-Step scenario vs. the BAU scenario while corresponding 25 

primary PM0.1 emissions decrease by a factor of 36%.  Ultrafine particles (PM0.1) are an emerging pollutant of 26 

concern expected to impact public health in future scenarios.  The complexity of this situation illustrates the need for 27 

realistic treatment of criteria pollutant emissions inventories linked to GHG emissions policies designed for fully 28 

developed countries and states with strict existing environmental regulations.    29 

1 Introduction 30 

The United States, along with many developing countries, is debating optimal strategies to mitigate threats to long-31 

term prosperity including (among other things) climate change and threats to public health.  These specific issues are 32 



2 
 

at least partially linked through regional air quality.  Realistic mitigation plans for Green House Gas (GHG) emissions 33 

(CO2, CH4, N2O, etc) usually include measures encouraging reduced energy consumption and/or changes to energy 34 

sources leading to reduced GHG emissions.  These measures also impact emissions of criteria pollutants or their 35 

precursors (PM, NOx, SOx, VOCs, NH3, etc) that influence regional air quality.  Air quality influences public health 36 

through impacts on mortality (primarily related to PM2.5) and morbidity (primarily related to PM2.5 and O3).  37 

The relationship between climate change, air quality, and public health within the United States is being explored 38 

vigorously by California since this state has already adopted comprehensive environmental laws out of necessity to 39 

protect public health.  Air quality in California’s largest city, Los Angeles, was notoriously poor in the middle of the 40 

20th century.  The formation of the California Air Resources Board (CARB) to address this problem pre-dates the 41 

formation of the United States Environmental Protection Agency (US EPA).  California has been a leading global 42 

voice in developing science to support environmental policies since that time, with many of the policies developed by 43 

California later adopted by the rest of the United States and the world. 44 

California’s most recent environmental efforts seek to reduce Green House Gas (GHG) emissions to sustainable levels 45 

while simultaneously improving air quality.  This “win-win” approach attempts to demonstrate that responsible GHG 46 

policies can be adopted while still encouraging economic growth and prosperity.  The debate around such policies is 47 

vigorous and clear science is needed to support the selection of optimal strategies moving forward.   48 

Most Many previous attempts to characterize the impact of how climate policies on criteria pollutant will impact 49 

emissions of criteria pollutants, air quality, and public health have focused onoften developing emphasized countries 50 

where potential health savings are largest.  These previous studies have also usually performed calculations for large 51 

geographic areas without resolving details at regional scales appropriate for California (Bollen, van der Zwaan et al. 52 

2009, van Aardenne, Dentener et al. 2010, Rafaj, Schöpp et al. 2012, Shindell, Kuylenstierna et al. 2012, West, Smith 53 

et al. 2013, Garcia-Menendez, Saari et al. 2015).  These studies represent California with only a small number of grid 54 

cells and/or they uses simplistic representations of California’s energy economy.  As a result, further work is needed 55 

to support the desired level of detailed analysis for the intersection of air, climate, and energy choices in California. 56 

There have been growing USMore recent studies addressing interactions between future climate policies,  on 57 

emissions, and air quality in the US (Keshavarzmohammadian, Henze et al. 2017)that include (Loughlin, Benjey et 58 

al. 2011, Ran, Loughlin et al. 2015, Rudokas, Miller et al. 2015, Trail, Tsimpidi et al. 2015, Zhang, Bowden et al. 59 

2016, Keshavarzmohammadian, Henze et al. 2017) have allocated future emissions using .  Although many of these 60 

studies also include enhanced population surrogates for emission allocation (Ran, Loughlin et al. 2015) and federal 61 

climate policies (Trail, Tsimpidi et al. 2015).  The current this study builds on this previous work to explicitly account 62 

for advances further in determining emissions based on arguably environmentally aggressive California’s ambitious 63 

climate regulations broken out by detailed sectors including realistic siting of biofuel facilities.  , detailed sector 64 

changes, new biofuel facility siting,The current study also considers the effects of regenerative braking, and exhaust 65 

particulate size and speciation changes from the heavy use of alternative and renewable fuels across multiple economic 66 

sectors.  These enhancements As a result, further work is needed to support the desired level of detailed analysis for 67 

the intersection of air, climate, and energy choices in California. 68 
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 69 

The purpose of this paper is to describe the California REgional Multisector AiR QUality Emissions (CA-70 

REMARQUE) model that can translate complex GHG mitigation scenarios to criteria pollutant emissions inventories 71 

with sufficient detail to support fine-scale air quality models and public health analysis. Here we emphasizes solutions 72 

that optimize state-wide total GHG emissions across the entire California economy, with potential tradeoffs between 73 

different source types to achieve this objective. The complex optimization problem requires an energy economic 74 

model, and so we focus on scenarios predicted by the CA-TIMES energy economic model as the starting point for the 75 

analysis.  The detailed algorithms within the CA-REMARQUE model are then developed to translate predicted 76 

changes in GHG emissions associated with source activity, fuels, and technology to criteria pollutant emissions that 77 

are spatially-resolved (4 km) for each sector of the California economy.  Changing emissions profiles caused by fuel 78 

substitutions are also accounted for.  Final results are compared to an expert-analysis method developed for a previous 79 

global analysis to illustrate why the complex methods described in this study are needed when analysing developed 80 

regions like California that have major diversified economies and a long history of previous environmental regulations.               81 

2 Methodology 82 

Energy scenarios are translated to criteria pollutant emissions inventories by the CA-REMARQUE model in a multi-83 

step process with unique algorithms developed for each major sector of the economy that emits air pollution 84 

precursors.  All calculations start with energy scenarios developed by the energy economic model CA-TIMES.  The 85 

details needed to produce criteria pollutant emissions inventories are discussed in the following sections. 86 

2.1 CA-TIMES Energy Model and Energy Scenarios 87 

CA-TIMES (McCollum, Yang et al. 2012, Yang, Yeh et al. 2014, Yang, Yeh et al. 2015) is a bottom-up energy-88 

economic model originally based on the MARKAL TIMES model (Loulou, Goldstein et al. 2016).  CA-TIMES is a 89 

cost-minimization optimization model that balances energy supply and demand system-wide from all economic 90 

sectors of the energy economy.  Demand sectors include transportation, industrial, residential, commercial, and 91 

agricultural. Fuel and electricity supply includes electric, biofuel, hydrogen production plants and biofuel and 92 

petroleum refineries. Demand was assumed fixed for the scenarios considered (Yang, Yeh et al. 2014, Yang, Yeh et 93 

al. 2015) .  CA-TIMES allows imports from out of state, such as oil, natural gas, and electricity.  Renewables and 94 

Biomass are handled separately and modelled explicitly as located in or out of state and imports are determined on a 95 

cost basis. CA-TIMES contains capital and operation costs for each technology, diverse fuel and energy carriers, and 96 

calculates GHG emissions for CO2, CH4, and N2O emissions.   97 

The case studies considered in the present study focus on two CA-TIMES scenarios in 2050: (i) a Business as Usual 98 

(BAU) scenario that achieves the goals outlined in California Assembly Bill 32 (AB32), the Global Warming Solutions 99 

Act of 2006 and (ii) a climate friendly GHG-Step scenario that achieves an 80% reduction (relative to 1990 levels) in 100 

GHG emissions by 2050.  In the GHG-Step scenario applying a “step” GHG emissions  function constraint is applied 101 

in which a constant 2020 cap is held until 2050, and then an 80% reduction in 2049is applied from 2050 onward. This 102 
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allows t.  The model is freedom to adopt strategies that lower GHG emissions prior to 2049 if those strategies minimize 103 

costs, but the step constraint ensures compliance with the final targets in 2050.  This 2050 GHG constraint does is not 104 

applied like a sudden shock to the energy system because the CA-TIMES model has perfect foresight and optimally 105 

minimizes the energy system cost (with a 4% discount factor) over the entire period from 2010 to 2050 making 106 

investment decisions to meet targets.  Also, CA-TIMES investments in low-GHG technologies start slowly and grow 107 

to reach the required market share to meet the targets since technologies have finite lifetimes and cannot take over 108 

respective markets instantaneously. The criteria pollutant emissions between 2010 and 2049 were not analysed in the 109 

current study but a summary of CA-TIMES results for intermediate years is provided by (Yang, Yeh et al. 2015).  110 

Both BAU and GHG-Step scenarios include current and sunset GHG regulations in California (Corporate Average 111 

Fuel Economy (CAFÉCAFE) Standards (California Air Resources Board 2005, California Air Resources Board 2009, 112 

California Air Resources Board 2010), Zero Emission Vehicle (ZEV) Mandate (California Air Resources Board 2012, 113 

California Air Resources Board 2012, California Air Resources Board 2012, California Air Resources Board 2012, 114 

California Air Resources Board 2012), Low Carbon Fuel Standard (LCFS) (California Air Resources Board 2009, 115 

California Air Resources Board 2011), Cap-and-Trade Program (California Air Resources Board 2011, California Air 116 

Resources Board 2017)) and federal and state incentives (tax credits and subsidies).  CA-TIMES predicts total annual 117 

energy consumption in California for the year 2050 to be 8,763 PJ in the BAU scenario and 7,679 PJ in the GHG-Step 118 

scenario (reference value for 2010 is approximately 7,500 PJ) (Yang, Yeh et al. 2015).   119 

The methods to estimate criteria emissions for different sources developed in the current paper take advantage of the 120 

best available information describing future energy and emissions as a function of location.  The quality of this 121 

information varied considerably for each major source category and so the details of the methodology also varied.  122 

Figure 1Figure 1 illustrates an over-view of the general procedure.  The changes in energy consumption and GHG 123 

emissions produced by CA-TIMES for each energy sector in the year 2050 were translated to changes in criteria 124 

pollutant emissions by accounting for changing energy activity levels and / or fuel switching.  Literature searches were 125 

conducted to identify any previous studies describing spatial locations of future emissions within California.  Altered 126 

emissions for the year 2050 were then projected from a 2010 emissions inventory with 4 km spatial resolution provided 127 

by the California Air Resources Board (CARB).  Additional details for each major source type are discussed below. 128 
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 129 

Figure 1: Process diagram of emission inventory generation for each sector or mode. 130 

 131 

2.2 CA-REMARQUE On-road Mobile Algorithms 132 

On-road mobile sources include passenger cars, light duty trucks (LDT), medium duty trucks (MDT), heavy duty 133 

trucks (HDT), buses, motorcycles, and motor homes.  On-road emissions were generated in a multi-step process 134 

summarized in Fig. 2.  In the first step, vehicular emissions for the year 2050 were extrapolated using2010-2035 135 

emission projection trends from the EMission FACtor (EMFAC) 2011 model (California Air Resources Board 2011) 136 

were used to extrapolate further to 2050.  EMFAC 2011.  In the second step, an intermediate 4km vehicular emissions 137 

inventory was generated by combining EMFAC 2050 projections with 2010 4km emission inventory as a spatial 138 

surrogate.  In the third step, the 2050 fossil fuel vehicular emission rates that were projected from EMFAC as well as 139 

new emission rates gathered from alternative fuel emission literature were used to scale the 4km intermediate mobile 140 

emission inventory based on the vehicle miles travelled (VMT), trips, and vehicle class and (conventional and 141 

alternative) fuel consumption output produced for each CA-TIMES scenariovehicular activity and fuel consumption 142 

splits were applied to the 2050 inventory using current fossil fuel emission rates and alternative fuel emissions 143 

literature.  144 
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 145 
Figure 2: Simplified sequence of algorithms, calculations, and inputs used in developing the CA-TIMES alternative fuel 146 
on-road mobile emissions inventory per scenario. EIC is emission inventory code. 147 

 148 

2.2.1 EMFAC Emissions and Activity Projections 149 

Criteria pollutant emissions for on-road mobile sources in future years were forecast using the EMission FACtor 150 

(EMFAC) 2011 model developed by the California Air Resources Board (CARB) (California Air Resources Board 151 

2011).  EMFAC 2011 accounts for annual vehicle miles travelled (VMT) trends and vehicle fleet composition turnover 152 

using Department of Motor Vehicle (DMV) data.  EMFAC incorporates the latest on-road mobile policies including 153 
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the Low Emission Vehicle emission standards, Low Carbon Fuel Standard (LCFS), Pavley Clean Car Standard, and 154 

the Truck and Bus ruling (California Air Resources Board, 2011).  EMFAC 2011 predicts past, present, and future 155 

year (up to 2035 or 2040) emissions including anticipated future emissions standards and regulations specific to 156 

California.  EMFAC predicts emissions and energy activity (VMT, trips, vehicles, gallons fuels) for 69 Geographical 157 

Area Indexes (GAIs) which represent the intersection of air basins and counties (listed in Table S1).   158 

In the current study, EMFAC was run for each calendar year from 2020–2035 to infer the emissions trends that could 159 

then be extrapolated to 2050.  A simple linear regression model was used to represent VMT over the period 2020-160 

2035, while a logarithmic regression model was fit to pollutant emissions for each vehicle type over the same time 161 

period.  Future studies will use EMFAC 2014 which directly predicts emissions in 2050 making this step unnecessary.  162 

2.2.2 Spatial Allocation of Mobile Source Emissions in an Intermediate 2050 Inventory 163 

An existing on-road mobile emissions inventory for the year 2010 with 4 km spatial resolution served as the starting 164 

point for the projection of an intermediate emissions inventory in 2050.  Scaling factors to account for VMT growth 165 

and adoption of existing policies were first calculated as the ratios between EMFAC emissions from 2010 and 166 

(extrapolated) 2050 within each of the 69 GAI regions.  Separate scaling factors were developed for each pollutant 167 

emitted from different vehicle classes and control technologies as represented by unique emission inventory codes 168 

(EICs).  The combined intermediate emissions (em) scaling factor SFact + met defined in equation s (1) and (23) 169 

reflects independent changes in activity (act) (Eq. 1) and meteorology (met) (Eq. 2).  Daily fFuture 2054 170 

meteorological temperature and relative humidity generated at 4km resolution with from previous WRF3.2 171 

projections (Zhang, Chen et al. 2014) were averaged to GAI regions used read by EMFAC to produce hour-specific 172 

diurnal and season dependent reactive organic gas (ROG) emission rates that vary from the annual average emission 173 

rates. Activity is either defined as vehicle miles travelled (VMT) or vehicle trips, depending on the emission 174 

process. For example, Activity activity equals vehicle miles travelled (VMT)VMT for tailpipe emission rates (e.g. 175 

grams NO/ mile-1) or tire and brake wear emissions (grams PM /mile-1).  Otherwise, Activity activity equals the 176 

number of vehicles within each type/fuel/aftertreatment category for such as for evaporative emissions of non-177 

methane hydrocarbons (grams NMHC/ vehicle-1) from the fuel system (non-tailpipe emissions).  Meteorology that 178 

affects emissions includes temperature and relative humidity.  Emission rates are highly dependent on the emission 179 

process (evaporative, exhaust, tire or brake wear), fuel (gasoline or/ diesel) and the aftertreatment device (catalytic 180 

or /non-catalytic).  181 

Emissions within each 4km grid cell of the 2010 inventory are multiplied by the 2050 to 2010 scaling factor SFact+met 182 

to estimate the “intermediate” 2050 emissions that will be further modified according to various additional policy 183 

choices represented in CA-TIMES.   184 

SFୟୡ୲ ൌ
ୣ୫ሺୟୡ୲మబఱబ,୫ୣ୲మబభబሻ

ୣ୫ሺୟୡ୲మబభబ,୫ୣ୲మబభబሻ
          (1) 185 

SF୫ୣ୲ ൌ
ୣ୫ሺୟୡ୲మబభబ,୫ୣ୲మబఱబሻ

ୣ୫ሺୟୡ୲మబభబ,୫ୣ୲మబభబሻ
          (2) 186 
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SFୟୡ୲ା୫ୣ୲ ൌ SFୟୡ୲ ∙ SF୫ୣ୲          (23) 187 

(Hixson, Mahmud et al. 2010) 188 

2.2.3 CA-TIMES Modification of Intermediate 2050 On-Road Mobile Emissions 189 

State-wide CA-TIMES scaling factors were applied uniformly at all locations to the 2050 intermediate emissions 190 

inventory described in the previous section to produce the final 2050 emissions inventory.  EMFAC accounts for 191 

population growth and emissions changes that are required by existing air quality rules and regulations through 2050.  192 

CA-TIMES accounts for additional changes that will be required to comply with state GHG targets but which have 193 

not yet been placed into emissions rules and regulations.  The final inventory retains the spatial and temporal features 194 

inherent in the intermediate emissions inventory but incorporates updated information about new fuels, technologies, 195 

and emissions rates based on state-wide predictions from CA-TIMES (Fig. 3).   196 

EMFAC vehicles classes expressed as EIC codes were mapped to compatible vehicle classes used by CA-TIMES as 197 

described in Table S2.  Spark ignition (gasoline) vehicles in CA-TIMES were further classified as catalyst-equipped 198 

or non-catalyst-equipped to match EMFAC categories.  EMFAC resolves non-catalyst-equipped and catalyst-199 

equipped gasoline vehicles into several sub-categories (light-heavy duty truck (LHDT) and heavy-heavy duty truck ( 200 

HHDT) (see Table S2 for complete description of vehicle classes)) while CA-TIMES does not include this level of 201 

resolution.   202 

 203 
Figure 3: CA-TIMES’ energy consumption by vehicle weight class, fuel, and scenario for on-road sources.  Vehicle 204 
categories include car, light duty truck (LDT), medium duty truck (MDT), heavy duty truck (HDT), motocycles (MOT), 205 
and bus. 206 

CAR LDT MDT HDT MOT BUS CAR LDT MDT HDT MOT BUS CAR LDT MDT HDT MOT BUS

2010 2050 BAU 2050 GHG‐Step

hydrogen 0.0 0.0 0.0 0.0 0.0 0.0 21.9 11.8 0.0 0.0 0.0 0.0 159. 71.6 0.0 0.0 0.0 0.0
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natural gas 0.0 0.0 0.0 0.0 0.0 21.2 0.0 0.0 254. 0.0 0.0 52.9 0.0 0.0 94.5 0.0 0.0 0.0

diesel 1.4 0.3 198. 291. 0.0 19.1 0.0 0.0 0.0 564. 0.0 0.0 0.0 0.0 0.0 142. 0.0 0.1

gasoline 834. 920. 124. 1.5 5.2 11.7 574. 502. 172. 18.7 7.2 16.1 4.1 10.0 131. 0.0 5.4 9.1
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The use of new fuels in the on-road fleet required special consideration during preparation of the 2050 emissions 207 

inventory.  As a starting point, emission rates from EICs representing conventionally-fuelled vehicles were calculated 208 

from 2050 EMFAC output by dividing each pollutant emission by the respective vehicle activity indicator (either 209 

VMT, vehicle number, or fuel consumption) to serve as a baseline for CA-TIMES scenario adjustments. Next, the 181 210 

combinations of alternative fuels and electric hybrid, dedicated or single/multi-fuelled applications and vehicles 211 

weight classes were mapped to EMFAC by vehicle class and reference fuel (see Table S2 and S3).  CA-TIMES 212 

predicts the amount of alternative fuel consumed, not the VMT associated with that alternative fuel.  The VMT 213 

associated with each alternative fuel was therefore estimated as the VMT associated with the conventional fuel divided 214 

by the energy content of the consumed conventional fuel (Ev) multiplied by the energy content of the alternative fuel 215 

(Ev,f) output by CA-TIMES.  This calculation assumes that vehicle weight and aerodynamics do not change 216 

significantly as alternative fuels are adopted.  Finally, the emissions rate for each alternative fuel was estimated based 217 

on a literature review of emissions factors for conventional vs. alternative fuelled vehicles.  Reference emission rates 218 

(erv,ref) and “alternative to conventional” scaling factors (erv,f / erv,ref) for the vehicle fuels of interest are listed in Table 219 

1.  220 

Table 1: Emission rate changes for alternative fuels in on-road vehicles.  Alternative fuels include 85% ethanol 15% 221 
gasoline mixture (E85), biodiesel (B100), and compressed natural gas.  Conventional fuels include gasoline, diesel, or ultra 222 
low sulfur diesel (USLD).  After treatment devices include three way catalyst (TWC), diesel oxidation catalyst (DOC), 223 
diesel particle filter (DPF), exhaust gas recirculation (EGR), and selective catalytic reduction (SCR). 224 

Alternative 
Fuel 

Reference 
Conventional 
Fuel 

After-
treatment 

Pollutant Alt/ 
Conv 
Ratio 

Conv 
% 

Change 

Data Source 

E85 Gasoline same 
(TWC) 

CO 1.00 0.0% Graham, Belisle et al. (2008) 
NOx 0.55 -45% Graham, Belisle et al. (2008) 
SOx 1.00 0.0% Assumed 
ROG 1.00 0.0% Graham, Belisle et al. (2008) 
PM 0.25 -75% Hays, Preston et al. (2013) 

B100 Diesel or 
ULSD 

DOC+ 
DPF+ 
EGR+ 
SCR 

CO 0.03 -97% Alleman, Eudy et al. (2004), 
Alleman, Barnitt et al. (2005), 
Hasegawa, Sakurai et al. (2007) 

NOx 0.85 -15% Alleman, Eudy et al. (2004), 
Alleman, Barnitt et al. (2005), 
Tsujimura, Goto et al. (2007) 

SOx 1.00 0.0% Assumed 
ROG 0.03 -97% Alleman, Eudy et al. (2004), 

Alleman, Barnitt et al. (2005), 
Hasegawa, Sakurai et al. (2007) 

PM 0.03 -97% Alleman, Eudy et al. (2004), 
Alleman, Barnitt et al. (2005), 
Hasegawa, Sakurai et al. (2007), 
Rounce, Tsolakis et al. (2012) 

CNG Diesel or 
ULSD 

TWC CO 0.67 -33% Cooper, Arioli et al. (2012) 
NOx 0.19 -81% Cooper, Arioli et al. (2012) 
SOx 1.00 0.0% Assumed  
ROG 0.34 -66% Cooper, Arioli et al. (2012) 
PM 0.08 -92% Cooper, Arioli et al. (2012) 

 225 
 226 
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Equation (34) illustrates how the total emissions (emv) were calculated for a given vehicle class (subscript v) by 227 

summing the product of the emission rate and VMT for each fuel (subscript f) for the number of different fuels (n) 228 

consumed by that vehicle as defined by each CA-TIMES scenario. 229 

em୴ ൌ ∑ er୴,୰ୣ ∙
ୣ୰౬,
ୣ୰౬,౨

∙ act୴ ∙
౬,
౬

୬
         (34) 230 

where  231 

v = vehicle type by weight  232 

f = unconventional or alternative fuel type from f1, f2, f3…n 233 

ref = reference (conventional) fuel, typically gasoline or diesel. 234 

emv = emissions for a give vehicle type per pollutant. Where pollutant is ROGs, CO, NOx, PM10, SOx 235 

[tons pollutant]. 236 

er v,ref = pollutant emission rate for a vehicle using the reference (conventional) fuel based from EMFAC 237 

[tons pollutant /VMT-1 or tons pollutant/ vehicle-1] 238 

erv,f = pollutant emission rate for a vehicle using an alternative fuel based from EMFAC [tons pollutant/ 239 

VMT-1 or tons pollutant /vehicle-1] 240 

actv = total vehicular activity (not divided by fuel) [VMT or vehicles] 241 

ev,f = energy consumption for a given fuel by vehicle given by CA-TIMES scenario [PJ] 242 

ev = total energy consumed for vehicle for all fuels by CA-TIMES scenario [PJ] 243 

 244 

Alternative fuels considered by CA-TIMES include 95% volume blend methanol (M95), 85% volume blend ethanol 245 

(E85), compressed natural gas (CNG), liquid petroleum gas (LPG), biodiesel, compressed or liquid hydrogen, and 246 

electric drivetrains.  Electric vehicles (EVs) include hybrid, (HEV), plug-in hybrid (PHEV), and plug-in or battery 247 

(PEV or BEV).  CA-TIMES often predicted the use of multiple technologies and fuels within the same vehicle 248 

weight class (see Table S4 through Table S12 for complete lists).  For example, in the case of a hybrid diesel electric 249 

vehicle which runs on 3 energy sources, diesel, biodiesel, and electricity, (e.g. a biodiesel PHEV MDT), 3 sets of 250 

emission rates (1 for each fuel) were estimated to replace the single emissions rate for the traditional CI engine for 251 

this vehicle class (diesel MDT).   252 

 253 

Only  approximately ~10% of the possible vehicle type/fuel/engine combinations considered by CA-TIMES (see 254 

Table S4 to Table S12) were actually used in the 2050 BAU and GHG-Step scenarios as the model optimized for 255 

low cost and low-carbon solutions.  The main alternative liquid/ or gaseous fuels projected by CA-TIMES were E85, 256 

biodiesel, and CNG.  CA-TIMES predicted that E85 would displace gasoline while biodiesel and CNG would 257 

displace diesel based on the dominant fuel consumed for the same vehicle weight class counterpart.  This fuel 258 

Proportion of 
activity by fuel/ 
energy for 
vehicle

Alternative 
fuel/energy 
emission 
rate 
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substitution alters emissions rates for criteria pollutants as shown in Table 1. For battery electric or fuel cell 259 

vehicles, the conventional fuel displaced was based on the dominant fuel for that vehicle class, e.g. gasoline for 260 

LDVs.   261 

 262 

2.2.4 On-Road Mobile PM and Gas Speciation and Size Profile Changes 263 

Tailpipe exhaust, fuel tank evaporative, and brake wear emissions were adjusted when the vehicle fuel/ or technology 264 

was changed.  This requires new source profiles to be defined for E85, biodiesel, and CNG fuelled vehicles to describe 265 

their emissions of speciated volatile organic compounds (VOCs) and size /& composition-resolved particulate matter.  266 

New emissions inventory codes (EICs) were created (summarized in Table S13) and associated with new VOC and 267 

PM emissions profiles (summarized in Tables S14 – S16) for this purpose.   268 

Multiple measurements are available in the literature for the composition of exhaust from ethanol-fuelled vehicles.  In 269 

the present study, the average VOC profiles measured using the Federal Test Procedure (FTP), Unified Cycle (UC), 270 

and US06 high speed drive cycles were used for the hot running E85 VOC exhaust (Haskew and Liberty 2011).  The 271 

FTP phase 1 profile was applied for the cold-start E85 VOC emissions (Haskew and Liberty 2011).  E85 PM size 272 

distributions are summarized in Table S15 (Szybist, Youngquist et al. 2011), while PM composition information is 273 

summarized in Table S16 (Ferreira da Silva, Vicente de Assuncao et al. 2010, Hays, Preston et al. 2013).  Figure 4 274 

illustrates the size and composition distribution of particulate matter emitted from catalyst-equipped gasoline vehicles 275 

and catalyst-equipped vehicles fuelled by 85% ethanol and 15% gasoline (E85) as an example. 276 

 277 

Figure 4: Particle emissions size and composition distribution for catalyst equipped gasoline vehicles (left panel) and 278 
catalyst equipped ethanol (E85) vehicles (right panel). 279 

Aftertreatment devices were found to be more influential on biofuel exhaust rates (Alleman, Eudy et al. 2004, Alleman, 280 

Barnitt et al. 2005, Frank, Tang et al. 2007, Hasegawa, Sakurai et al. 2007, Tsujimura, Goto et al. 2007, Rounce, 281 

Tsolakis et al. 2012) than changes to fuel properties and feedstock origin (Graboski, McCormick et al. 2003, Durbin, 282 

Cocker et al. 2007).  Diesel particulate filters (DPF), exhaust gas recirculation (EGR), selective catalytic reduction 283 

(SCR), and oxidation catalyst (OC) were assumed to be deployed on diesel and biodiesel powered vehicles by 2050.  284 

PM size distributions for DPF-equipped vehicles were obtained from (Rounce, Tsolakis et al. 2012) (Table S15), and 285 

trace element, carbonaceous and inorganic ion fractions of PM distributions were obtained from (Cheung, Polidori et 286 
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al. 2009, Cheung, Ntziachristos et al. 2010) (see Table S16).  Gas-phase VOC emissions profiles for biodiesel were 287 

not updated from fossil diesel profiles in the current study, but this change will be considered in future work.   288 

The CNG VOC profile and PM size distribution was constructed based on (Gautam 2011) (Tables S14 and S15). PM 289 

emissions of carbonaceous compounds, metals, and ions were measured from CNG vehicles running on the UDDS 290 

driving cycle (Yoon, Hu et al. 2014) (see Table S16).  Figure 5 illustrates the size and composition distribution of 291 

particulate matter emitted from diesel vehicles, bio-diesel vehicles equipped with a diesel particle filter and exhaust 292 

gas recirculation, and catalyst-equipped CNG vehicles. 293 

 294 

 295 

 296 

Figure 5: Particle emissions size and composition distribution for diesel vehicles (left panel), bio-diesel vehicles (center 297 
panel), and CNG catalyst equipped vehicles (right panel). 298 

All fully electric vehicles, such as battery electric vehicles (BEVs) and H2 fuel cell vehicles, were assumed to have 299 

zero tailpipe exhaust and evaporative emission rates.  Brake wear emission rates were reduced by 59% (Antanaitis 300 

2010) for all partial or fully electric vehicles equipped with regenerative breaking, such as hybrid, electric battery or 301 

fuel cell vehicles.  Tire wear emissions were assumed to be independent of fuel/  or technology type.   302 

2.3 CA-REMARQUE Aviation, Rail, and Off-Road Algorithms 303 

Aviation sources include commercial, civil, agricultural, or military use and primarily run on jet fuel or aviation 304 

gasoline.  The rail emission sources include passenger, commuter, switching and hauling trains which currently run 305 

primarily on diesel fuelled generators powering an electric drivetrain.  Off-road equipment includes industrial, 306 

agricultural, and construction equipment, port and rail operations, as well as lawn and garden equipment.  The list of 307 

aviation, rail, and off-road emission source categorizations are based on the EICs listed in Table S17 (including new 308 

EICs created to represent sources operating on alternative fuels previously not in the CARB inventory).   309 

2.3.1 VISION Model 310 

Future 2050 emissions for aviation, rail, and off-road equipment were assumed to follow the 2010 versus 2050 growth 311 

projected by the CARB VISION model (California Air Resources Board 2012), an off-road expansion of Argonne’s 312 

on-road VISION model (Argonne National Laboratory Transportation Technology R&D Center 2012).  CARB’s off-313 

road VISION model uses historical trends to project to the year 2050 while incorporating some future standards for 314 

criteria pollutant emission rates.  These include the implementation of Tier 4 130-560 kW compression-ignition diesel 315 
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engine emission standards for PM, CO, and NMHC+NOx (California Air Resources Board 2010) leading to 90% 316 

reduction in PM emissions rates and an 85% reduction in NMHC and NOx emissions rates.   317 

Aviation, rail, and off-road 2010 emissions at 4 km resolution (em2010
cell,I) were scaled to produce an “intermediate” 318 

estimate prior to CA-TIMES adjustments using Eq. (45).  319 

 320 

emୡୣ୪୪,୧,୧୬୲ୣ୰୫ୣୢ୧ୟ୲ୣ
ଶହ ൌ ൬

ୣ୫
మబఱబ

ୣ୫
మబభబ൰ ∙ emୡୣ୪୪,୧

ଶଵ         (45) 321 

where 322 

emୡୣ୪୪,୧,୧୬୲ୣ୰୫ୣୢ୧ୟ୲ୣ
ଶହ  = intermediate grid cell 2050 emissions for a transport source (aviation, rail, off-road) 323 

consuming a reference or conventional fuel/ or energy [kg/ hr-1] 324 

em୧
ଶହ = state-wide 2050 emissions of a transport source [kg /hr-1 or tons /day-1] 325 

em୧
ଶଵ = state-wide 2050 2010 emissions of a transport source [kg /hr-1 or tons/ day-1] 326 

emୡୣ୪୪,୧
ଶଵ = grid cell 2010 emissions of a transport source [kg/ hr-1] 327 

 328 

2.3.2 CA-TIMES Modification of Intermediate 2050 Off-Road Mobile Emissions 329 

The portion of energy consumed for each fuel (Ei,f/Σf Ei,f) as projected by CA−TIMES was applied to the 330 

intermediate 2050 emissions inventory for each transport mode (f) and source type (i) using Eq. (56).  The 331 

consumption of different fuels relative to total fuel consumption for a given mode is shown in Fig. S1-S3 for rail, 332 

off−road, and aviation modes respectively.  Alternative to conventional scaling factors were applied to account for 333 

adoption of alternative fuels as summarized in Table 2.  Eq. (56) also includes an after treatment and/or control 334 

device factor (1−η) where appropriate. 335 

SFi, f ൌ ൬
,
∑ ,

൰ ∙ ൬
ୣ୫,

మబఱబ

ୣ୫,౪౨ౣౚ౪
మబఱబ൰ ∙ ሺ1 െ η୧ሻ       (56) 336 

where 337 

State-wide 
emission growth 

scaling from 2010 
to 2050 

Fraction of 
pollutant not 
removed by 

aftertreatment 
device 

Alternative 
fuel 

emission 
scaling 

relative to 
conventional 

Portion of 
alternative 
fuel energy 

consumption 
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SFi,f = emission scaling factor for a given new/alternative or non-conventional/non-reference fuel for a 338 
transport source [dimensonless] 339 

E୧,= new/alternative fuel/energy consumed by a transport source (e.g. biodiesel for commuter rail) [PJ] 340 

∑ E୧, = total fuel/energy consumed by a transport source (e.g. biodiesel + diesel for commuter rail) [PJ] 341 

em୧,
ଶହ = state-wide 2050 emissions of a transport source consuming a new/alternative fuel [kg/ hr-1 or 342 

tons/ day-1] 343 

em୧,୧୬୲ୣ୰୫ୣୢ୧ୟ୲ୣ
ଶହ= state-wide 2050 intermediate emissions of a transport source consuming a 344 

new/alternative fuel. [kg/ hr-1 or tons/ day-1] 345 

ηi = efficiency of removal from a control or aftertreatment device [fraction from 0.00-1.00] 346 

 347 

 348 

Table 2: Emission rate changes for alternative fuels in off-road vehicles. 349 

Transport 
Mode 

Alternative 
Fuel 

Reference 
Conven-
tional 
Fuel 

Pollutant Alt/ 
Conv 
Ratio 

Conv 
% 

Change 

Citations 

Rail Biodiesel Diesel CO 0.655 -34.5% Osborne, Fritz et al. (2010) 
NOx 1.13 13% Osborne, Fritz et al. (2010) 
SOx 0.0005 -99.95% Assumed (see text) 
ROG 0.775 -22.5% Osborne, Fritz et al. (2010) 
PM 0.805 -19.5% Osborne, Fritz et al. (2010) 

Off-road/ 
Agricultural 

Biodiesel Diesel CO 1 0% Durbin, Cocker et al. (2007)
NOx 1.08 8% Durbin, Cocker et al. (2007) 
SOx 1 0% Durbin, Cocker et al. (2007)
ROG 0.39 -61% Assumed (see text) 
PM 1.13 13% Durbin, Cocker et al. (2007)

Compressed 
natural gas 

Diesel CO 0.668 -33.2% Cooper, Arioli et al. (2012) 
NOx 0.189 -81.1% Cooper, Arioli et al. (2012)
SOx 1 0% Assumed (see text) 
ROG 2.349 134.9% Cooper, Arioli et al. (2012)
PM 0.0782 -92.18% Cooper, Arioli et al. (2012) 

Aviation Biomass-
based 
kerosene jet 
fuel 

Kerosene 
jet fuel 

CO 1 0% Lobo, Rye et al. (2012)
NOx 1 0% Lobo, Rye et al. (2012) 
SOx 0.007 -99.3% Assumed (see text)
ROG 0.605 -39.5% Lobo, Rye et al. (2012) 
PM 0.38 -62% Lobo, Hagen et al. (2011)

 350 

The final emissions for each specific offroad source consuming each specific fuel in 2050 (emୡୣ୪୪,୧,
ଶହ  ) are then 351 

predicted calculated by combining the effects of the VISION and CA-TIMES updates as shown in Eq. (67).   352 

emୡୣ୪୪,୧,
ଶହ ൌ SF୧, ∙ emୡୣ୪୪,୧,୧୬୲ୣ୰୫ୣୢ୧ୟ୲ୣ

ଶହ          (67) 353 

Aviation biomass-based kerosene jet fuel (KJF) emissions changes are based on Fischer-Tropsh gas-to-liquid (FT 354 

GTL) biofuel aviation emissions tests (Lobo, Hagen et al. 2011, Lobo, Rye et al. 2012).  These studies found minor 355 
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changes to CO and NOx emissions due to the adoption of biofuels.  SOx reduction was assumed proportional to the 356 

fuel sulfur content (Lobo, Rye et al. 2012) leading to reductions of 99% as shown in Table 2.   357 

Off-road equipment (other than trains) operating on biodiesel instead of Ultra low-sulfur diesel (ULSD) was assumed 358 

to emit HC and NOx with scaling factors (relative to conventional diesel emissions) of 0.39 and 1.08, respectively 359 

(Durbin, Cocker et al. 2007). No significant changes in CO, SOx and PM due to the adoption of biodiesel vs. ULSD 360 

were identified in the literature and so these emissions were assumed to remain at levels estimated for conventional 361 

diesel engines.  This approach inherently assumes that the sulfur content of biodiesel will not exceed the current limit 362 

of 15 ppm for ULSD.  Off-road or agricultural emission changes from switching from diesel to CNG are also found 363 

to have large reductions in most pollutants except reactive organic gases (ROGs) (Cooper, Arioli et al. 2012).   364 

Military aviation emissions were held constant at 2010 levels in the current study due to an assumption of continued 365 

exemptions for military activity.      366 

2.3.3 Off-Road Mobile PM and Gas Speciation and Size Profile Changes 367 

PM mass size distributions for E85, biodiesel, and CNG are assumed to be similar for off-road and on-road vehicles 368 

(Table S15). The new PM mass size distribution for biomass-based KJF is shown in Table S18 (Lobo, Hagen et al. 369 

2011).  Figure 6 illustrates the size and composition distribution of particulate matter emitted from conventional jet-370 

fuel aircraft and biomass-based kerosene jet fuel aircraft.  The conventional profile is based on old source profile 371 

measurements that assumed uniform distribution of particles between diameters 0.1-1.0 µm.  This conventional profile 372 

will be updated with more recent literature values in future work.  373 

 374 

Figure 6: Particle emissions size and composition distribution for jet-fueled aircraft (left panel) and biomass-based 375 
kerosene jet-fueled aircraft (right panel). 376 

2.4 CA-REMARQUE Marine Algorithms 377 

The marine emission source category includes all ocean going vessels (OGV), commercial harbor craft (CHC), and 378 

recreational boats (see Table S19).  An intermediate OGV emissions inventory was predicted for the year 2050 based 379 

on the extrapolation of Port of Los Angeles and Port of Long Beach 2020 trends (Starcrest Consulting Group 2009, 380 

The Port of Los Angeles and The Port of Long Beach 2010) (see Table S20).  All other OGV emissions (not listed in 381 

Table S20) in California were held constant at 2010 levels in the intermediate 2050 inventory prior to modifications 382 

from CA-TIMES.   383 

Formatted: Space After:  0 pt
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2.4.1 CA-TIMES Modification of Intermediate 2050 Marine Emissions 384 

The fuels used to power OGVs were modified based on predictions from the CA-TIMES’ scenarios.  It should be 385 

noted that the CA-TIMES model reports worldwide marine energy consumption. In the current study, it was assumed 386 

that marine vessels operating near the California coast would consume the global average mix of biofuels produced 387 

by CA-TIMES.  For example, if CA-TIMES indicates that a third of the residual fuel oil (RFO) (also call heavy fuel 388 

oil) consumed globally by marine vessels would be converted to biomass-based residual fuel oil (BRFO), then a third 389 

of the RFO marine vessel emissions near California boundaries were also converted to BRFO.  As indicated by Fig. 390 

S4, CA-TIMES finds that it is too expensive to other approaches besides biofuel adoption for ships are more cost-391 

effective for meeting the GHG target in 2050 adopt biomass-based fuels for ships in the GHG-Step scenario in 2050.  392 

CA-TIMES predicts determined that it will be more economical to substitute some RFO with a lighter petroleum 393 

(diesel) to decrease carbon intensity rather than using biomass-based RFO. 394 

Alternative fuels used in marine sources will modify criteria pollutant emissions.  Biomass-based alternatives for 395 

marine residual fuel oil (RFO) were estimated to be similar to the average of B100 from palm oil, animal fat, soybean 396 

oil, and sunflower oil operating at 75% load (Petzold, Lauer et al. 2011). NOx was the only regulated pollutant 397 

observed to remain constant during emissions testing. Emissions of all other pollutants decreased as summarized in 398 

Table 3.  399 

Table 3: Emission rate changes from ships changing from conventional fuels to biofuels. 400 

Alternative 
Fuel 

Reference 
Conventional 
Fuel 

Pollutant Alt/ 
Conv 
Ratio 

Conv 
% 

Change

Citations 

biomass-based 
residual fuel oil 
(RFO) 

residual fuel oil 
(RFO) 

CO 0.697 -30.3% (Petzold, Lauer et al. 2011) 
NOx 1 0% (Petzold, Lauer et al. 2011)
SOx 0.012 -98.8% (Petzold, Lauer et al. 2011) 
ROG 0.413 -58.7% (Petzold, Lauer et al. 2011)
PM 0.223 -77.7% (Petzold, Lauer et al. 2011) 

Biodiesel 
(BDL) 

Diesel (DSL) CO 0.921 -7.9% (Jayaram, Agrawal et al. 2011)
NOx 1 0% (Jayaram, Agrawal et al. 2011) 
SOx 0.0003 -99.97% Assumed (see text).
ROG 1 0% (Jayaram, Agrawal et al. 2011) 
PM 0.684 -31.6% (Jayaram, Agrawal et al. 2011)

 401 

Assuming biodiesel (BDL) and biomass based residual fuel oil (BRFO) has about 1 ppm sulfur content, and that by 402 

2010 the sulfur content regulations ensured that marine diesel oil (MDO) and RFO had 1.5 ppm and 2.5 ppm S, 403 

respectively, then the switch to biofuels would reduce SOx emissions by 33.3% (relative to conventional MDO) and 404 

60% (relative to conventional RFO). Additional reductions in CO, TOG, and PM were also projected based on 405 

(Jayaram, Agrawal et al. 2011, Petzold, Lauer et al. 2011) as summarized in Table 3.  406 

Several international and California shoreline regulations were applied to marine emissions in the year 2050 as 407 

summarized in Table S21 and Table S22.  At-berth or hotelling container, passenger (cruise), and refrigeration OGVs 408 

will use shoreline power instead of auxiliary engines for 80% of their berthing hours by 2020, (California Air 409 

Resources Board 2007).  It was also assumed that MDO or marine gasoline oil (MGO) used within 24 nautical miles 410 
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of the California shore will have sulfur content of <0.1% by 2050 (California Air Resources Board 2011).  Further 411 

offshore, all marine fuels used within 100 nautical miles of North America were assumed to have sulfur content < 1% 412 

after the year 2012 (leading to reductions shown in Table 3).  413 

2.4.2 Marine PM and Gas Speciation and Size Profile Changes 414 

PM size distribution changes caused by the switch to alternative marine fuels were based on (Jayaram, Agrawal et al. 415 

2011) (see Table S23).  The size and composition distribution profiles used to represent marine emission associated 416 

with different fuels are displayed in Fig. 7.      417 

 418 

Figure 7: Particle emissions size and composition distribution for ships powered by marine residual oil (left panel), 419 
marine bio-diesel (center panel), and biomass-based residual fuel oil (right panel). 420 

 421 

2.5 CA-REMARQUE Residential and Commercial Algorithms 422 

Major emissions sources within the residential and commercial sectors include natural gas combustion (space heating 423 

and water heating)appliancesappliances used for space and water heating, biomass combustion (wood burning 424 

fireplaces and stoves), and as well as food cooking (especially charbroiling and frying).  The residential and 425 

commercial emissions associated with natural gas and food cooking were assumed to scale according to population 426 

growth projected for each county (Table S24) (State of California 2013) to produce an intermediate emissions 427 

inventory.  These intermediate residential and commercial gridded emissions were then scaled to reflect 2010 versus 428 

2050 results from CA-TIMES (Fig. 8).   429 

Natural gas consumption in the commercial sector reduced by half (325 PJ to 162 PJ) in the GHG-Step scenario 430 

relative to the BAU scenario in 2050.  Most of commercial energy reduction is due to efficiency gains and switch 431 

from natural gas to electrification of end uses.  Natural gas consumption in the residential sector also decreases (615 432 

PJ to 507 PJ) under the GHG-Step scenario relative to the BAU scenario. Much of the energy that would have been 433 

supplied by natural gas is replaced by renewable sources such as solar (155 PJ) which was assumed to have no criteria 434 

pollutant emissions in California.  Improved energy efficiency and conservation also plays a role, with residential 435 

electricity consumption decreasing (402 PJ to 313 PJ) in the GHG-Step scenario. It was assumed that oOther 436 

combustion sources, including wood burning and distillate oil fuel consumption, were allowed to compete in CA-437 

TIMES subject to the constraint that they could not increase above the 2010 levels in order to maintain compliance 438 

with but would not increase due to inconsistency with current air quality regulations.     439 

 440 
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 441 

 442 

Figure 8: CA-TIMES’ energy consumption by energy resource and scenario for commercial and residential. 443 

2.6 CA-REMARQUE Electricity Generation Algorithms 444 

The electricity generation emissions category includes all fuel-burning and renewable power plants for industrial, 445 

residential, or commercial use.  Annual generation totals for different types of California power plants were extracted 446 

from national power plant data (US Energy Information Administration Independent Statistics and Analysis 2012, US 447 

Environmental Protection Agency 2014).  Emissions rates per unit of fuel burned were estimated for each power plant 448 

described in the basecase 2010 emissions inventory.   449 

CA-TIMES finds that non-hydro renewable (geothermal, tidal, solar, wind, and biomass) increases from 10% (22,938 450 

GWh) of the electricity generation mix in 2010 (144,825 GWh) to 35% and 76% (489,493GWh) in the 2050 BAU 451 

and 2050 GHG-Step scenario, respectively (see Fig. 9).  However, total in-state and out-of-state electricity generation 452 

in the GHG-Step scenario is 1/3rd larger than the BAU scenario (416,219 GWh versus 643,373 GWh) to meet the 453 

increased demand from sectors such as the on-road vehicles with growing hybridization and electrification needed to 454 

meet the 2050 carbon constraint.  Statewide scaling factors for electricity generation in the 2050 BAU scenario vs. 455 

2010 and the 2050 GHG-Step scenario vs. 2010 are listed in Table S25. 456 

 457 

2010 2050 BAU
2050 GHG‐

Step
2010 2050 BAU

2050 GHG‐
Step

Commercial Residential
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 458 

Figure 9: CA-TIMES’ electricity generation resource mix by scenario. 459 

CA-TIMES calculates aggregated state-wide energy totals but energy resources (especially for renewables) are not 460 

uniformly distributed across the state.  In the current study, renewable electricity production in 2050 was spatially 461 

allocated in a manner that was consistent with the energy resource potential in 12 regions (Fig. S5) as projected in 15 462 

scenarios by the grid load distribution model SWITCH (Fripp 2012, Johnston, Mileva et al. 2013, Nelson, Mileva et 463 

al. 2013).  Table S26 lists the electrical generation by energy source for each SWITCH region averaged across these 464 

15 scenarios. This profile of resource potential was then applied to the CA-TIMES predictions summarized in Table 465 

S25 yielding the 2050/2010 scaling factors for the BAU scenario (Table S27) and the GHG-Step scenario (Table S28).   466 

The scaling factors summarized in Tables S27 and S28 assume that the out-of-state portion of electricity generation 467 

for a given fuel or energy resource in the year 2050 remained constant at 2010 levels.  CA-TIMES does not provide 468 

additional information describing out-of-state generation except for a few renewables.  This out-of-state portion of the 469 
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wind 6.08 80.3 221

solar 0.66 12.7 217
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electricity generation was subtracted from the CA-TIMES totals prior to scaling emissions from each power plant in 470 

California.  Table S29 summarizes the out-of-state portion of electricity generation for each fuel in 2010 and assumed 471 

portions in each of the 2050 scenarios.  472 

Additional emissions adjustments were made for new renewable fuels such as those produced by the Biomass 473 

Integrated Gasification Combined Cycle (IGCC), a process that gasifies biomass for electricity production.  Much of 474 

the biomass electricity generation projected by CA-TIMES for 2050 in the BAU scenario uses biomass IGCC (see 475 

Tables S30 through S32).  There are currently several coal IGCC plants in the US (U. S. Department of Energy 476 

National Energy Technology Laboratory 2010, U. S. Department of Energy National Energy Technology Laboratory 477 

2015) but no biomass IGCC plants (Lundqvist 1993, Ståhl and Neergaard 1998, U. S. Department of Energy National 478 

Energy Technology Laboratory 2010).  Future biomass IGCC emissions in California were estimated using several 479 

models that incorporate biomass IGCC, such as GREET, CA-GREET (California Air Resources Board 2009, Argonne 480 

National Laboratory Transportation Technology R&D Center 2014, California Air Resources Board 2015), and an 481 

NREL analysis (Mann and Spath 1997).  Ultimately, biomass IGCC power plant emissions were estimated from 482 

conversion of conventional steam turbines in the 2010 ARB inventory based on emissions rates inferred from CA-483 

GREET1.8 for 2050 (Table S33).  An inter-comparison study between GREET1.8, GREET 2014, and CA-GREET2.0 484 

showed that theCA-GREET1.8b model had the best agreement with emissions rates from approximately 30 biomass 485 

plants operating on wood residue in California.The CA-GREET1.8b model was used because it was found to had have 486 

the highest accuracy among all the tested models in emission rates relative to average emission rates from existing 487 

biomass plants in California based from eGRID 2010 data (US Environmental Protection Agency 2014) among all 488 

the tested models when projecting emissions from biomass power plants (California Air Resources Board 2011, US 489 

Environmental Protection Agency 2014).   490 

2.7 CA-REMARQUE Industrial and Agricultural Algorithms 491 

The industrial and agricultural emissions category covers many manufacturing industries such as metal, wood, glass, 492 

textile, mining, and chemical.  Food and agricultural sectors include farming livestock, crops, food production, 493 

bakeries, and breweries.  Most of these industries were unchanged in the CA-TIMES energy scenarios, with the 494 

notable exception that biofuel and hydrogen fuel production replaced some traditional petroleum production, causing 495 

changes in refinery and storage emissions (shown in Figs. S6 to S8).  496 

2.7.1 Fossil and Renewable Fuel Production 497 

All fossil petroleum refining and storage emissions in the 2010 ARB emissions inventory were scaled according to 498 

the amount of oil production and refining that was required in California for each 2050 CA-TIMES scenario (see Fig. 499 

S6). Scaling factors were applied uniformly to all emission processes including seepage, evaporative /  or fugitive, 500 

and other processes.  Fossil petroleum consumption generally decreased in future scenarios, but was not eliminated.  501 

As discussed in previous sections, transportation modes (e.g. marine, heavy duty trucks) still consume fossil fuel such 502 

as diesel, and the stationary sources (electricity generation, residential, and commercial) still consume natural gas.   503 

CA-TIMES predicted determined that much of the extracted petroleum used by refineries would be imported to the 504 
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state rather than extracted locally.  This can be seen by the reduction of crude oil supply in California from 1510 PJ 505 

in 2010, to 426.5 PJ in the 2050 BAU scenario and 0.0PJ in the GHG-Step scenario (see Fig S6).  Refining is also are 506 

projected to decline slightly between 2010 and the 2050 scenarios, with reductions of 25% in the BAU scenario and 507 

44% in the GHG-Step scenario.  This suggests that it is more cost effective and/or less carbon intensive to import fuel 508 

than to extract oil and gas in/ or around California. The total (imported and in-state) oil supply also decreases in 2050, 509 

by -26% from in the BAU (3200PJ) and -44% in the GHG-Step (2400PJ) relative to 2010 (4300PJ).  This reflects the 510 

adoption of is indicative that electrification and alternative fuels to are replacing petroleum consumption in the 511 

presence of and thus supply despite growing energy demand in 2050. 512 

Hydrogen (H2) production was assumed to iincreased in both 2050 CA-TIMES scenario resultss, but the increases in 513 

the GHG-Step scenario are much larger (Fig. S7). It was assumed that new hydrogen production facilities would be 514 

located at current H2 production facilities and/or existing refineries.  Overall 32 new natural gas steam methane 515 

reforming (SMR) H2 facilities and 15 new biomass gasification facilities were projected to meet the demand 516 

summarized in Fig. S7.  In the current study, criteria pollutant emission rates from SMR H2 production (summarized 517 

in Table 4) were calculated from the top 3 SMR H2 production facilities (California Air Resources Board 2010, 518 

California Air Resources Board 2014). Few studies have been published describing criteria pollutant emissions from 519 

biomass gasification H2 production and so emissions rates for this production pathway were obtained from the CA-520 

GREET model (California Air Resources Board 2015).  Direct criteria pollutant emissions from hydrogen production 521 

using electrolysis were zero since this process uses electricity to split water molecules into H2 and oxygen (emissions 522 

from these facilities appear under electricity generation).   523 

 524 
Table 4: Pollutant emission rate associated with hydrogen production.  Unis are grams of pollutant per mmBtu of 525 
hydrogen produced. 526 

SMR - average of top 
CA H2 SMR 

facilities 

Gasification - CA-
GREET2015 Gasification 

vs. SMR Scaling 

Electrolysis 

CO 4.303 0.997 0 
NOx 1.701 0.34 0 
SOx 0.092 0.406 0 
VOC 2.33 1.118 0 
PM10 0.433 0.048 0 

 527 
 528 

The CA-TIMES model predicts determined that high biofuel consumption and/ production will be high in California 529 

in the year 2050 (Fig. S8).  Biofuel refineries for different feedstock classes (wood, municipal solid waste (MSW), 530 

herbaceous, yellow grease/ or tallow, or corn ethanol) (see Tables S34 and S35) and were located using a spatial 531 

biomass optimization model which seeks to minimize cost within resource and regulatory constraints (Tittmann, 532 

Parker et al. 2010).  Biofuel refineries were prohibited in NAAQS non-attainment areas, an added constraint based on 533 

the high feedstock case described by (Parker 2012). Production rates at in-state biorefineries were scaled to match the 534 

in-state volumes produced in CA-TIMES for each type of biofuel.  Out-of-state imports and refining were assumed 535 

for crops that could not be grown at a large enough scale to meet the demand in California, such as herbaceous crops 536 
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and the bulk of corn-ethanol (see Tables S34 and S35).  Emissions for each biofuel refinery were estimated using CA-537 

GREET1.8b emission rates per unit of fuel produced.   538 

2.7.2 Biogas Capture and Use 539 

CA-TIMES assumes that landfill gas reduces over time due to better management of organic matter in landfills, and  540 

the consumption of existing landfill stock material over many decades.  All biogas in CA-TIMES is converted to 541 

biomethane through removal of CO2 and impurities, and further blended with natural gas so that it is 542 

undistinguishable from extracted fossil natural gas. 543 

Dairy biogas is a significant renewable energy source in CA-TIMES.  California produced a fifth of the milk in the 544 

US in 2010 (California Department of Food and Agriculture 2011) and an exponential regression using 2001–2013 545 

CFDA data estimates the number of dairy cows in California may increase by a factor of 1.5 by the year 2050.  Methane 546 

emission rates were estimated from GHG inventory Documentation (California Air Resouces Board 2014) for each 547 

manure management practice: liquid/slurry, anaerobic lagoon, anaerobic digester, daily spread, deep pit, pasture, and 548 

solid storage. The increase in the cow population was assumed to occur uniformly across all management practices 549 

except for the systems used in biogas capture.  These systems, including anaerobic digester, anaerobic lagoon, and 550 

liquid/slurry management practices, were adjusted to meet the quantities of biogas specified by each CA-TIMES 551 

scenario. The amount of waste produced by each dairy cow each year was used to estimate the annual biomethane 552 

production and energy potential of each animal.  The electricity potential from biomethane is then calculated using  553 

AgSTAR conversion rates (Environmental Protection Agency 2010, U.S. Environmental Protection Agency AgSTAR 554 

Program 2011). The overall fugitive VOC emissions from animal waste declines in the biogas production scenarios 555 

since a large fraction of the waste is treated.  Overall, fugitive dairy manure VOC emissions increased by 50% due to 556 

cow population growth in the BAU scenario, and decreased by a factor of a 33% for the GHG-Step scenario relative 557 

to 2010.   558 

Future biomethane production sites were selected based on recommendations from the USDA’s Cooperative 559 

Approaches for Implementation of Dairy Manure Digesters (U.S. Department of Agriculture Rural Development 560 

Agency 2009).  Mainly, locations were selected with nearby pipeline networks (Gilbreath, Rose et al. 2014) to 561 

transport raw biogas to a centralized clean-up facility, where it can then be compressed and sold for use by electric 562 

generation power plants or transportation fuels.  This was considered a more viable option as natural gas pipeline 563 

infrastructure is easy to access, demand from electric utilities for biomethane is high to meet the renewable portfolio 564 

standard (RPS), and a centralized clean-up facility is more economical than distributed facilities.   565 

3 Results and Discussion 566 

3.1 On-Road Mobile Emissions 567 

Figure 10 illustrates particulate matter emissions of tire and brake wear from on-road vehicles under the BAU and 568 

GHG-Step scenarios.  The fine spatial distribution of the emissions reflects the spatial distribution of tire and brake 569 

wear emissions in the base 2010 inventory that is updated using EMFAC predictions to produce the intermediate 570 
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2050 emissions inventory.  The technology changes inherent in the CA-TIMES BAU and GHG-Step scenarios are 571 

then applied uniformly across the state yielding virtually identical spatial distributions for the final 2050 BAU and 572 

GHG-Step scenario emissions.  Tire and brake wear emissions patterns illustrated in Figure 10 essentially follow 573 

predicted vehicle activity patterns in the state.  Predicted emissions are highest in major urban centers and along 574 

major transportation corridors.  Although increase in vehicular activity was part of this study, expansion of 575 

roadways between 2010 and 2050 were not considered in this study and may be updated in newer versions of the 576 

model. 577 

California’s environmental regulations apply uniformly across the state, which supports the assumption of uniform 578 

GHG emissions reductions for on-road vehicles.  Despite the uniform regulatory landscape, some of the measures 579 

described in the CA-TIMES GHG-Step scenario rely on modified behavioral patterns and willingness and/or ability 580 

to adopt new technologies, which may change by region.  Education levels, personal wealth, and environmental 581 

attitudes vary sharply across California.  Capturing these trends in sub-regions of the state will require surveys of 582 

consumer choice and predictions of future behavior that are beyond the scope of the current manuscript.   583 

 2050 BAU 2050 GHG-Step - BAU 
Central/ 
northern 
CA 
domain 

 
Southern 
CA 
domain 

 
Figure 10: Particulate matter emissions from vehicle tire and break wear in the BAU scenario µg m-2 min-1(left panels) 584 
and emissions change in the GHG-Step scenario (right panels).  Units are µg m-2 min-1.  585 

Figure 11 illustrates the particulate matter emissions from tailpipe exhaust under the 2050 BAU scenario and the 586 

2050 GHG-Step scenario.  Similar to the tire and brake wear emissions, the spatial pattern for mobile sources is 587 

identical under both scenarios because the technology changes specified by the CA-TIMES model are applied 588 

uniformly over the entire state.  Tailpipe particulate matter emissions once again follow patterns of vehicle activity 589 

as predicted by EMFAC.  Of greater interest is the prediction that tire and brake wear emissions (Fig. 10) will 590 

exceed tailpipe emissions (Fig. 11) in both the 2050 BAU and GHG-Step scenarios due to the adoption of 591 
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increasingly clean vehicle technology.  Tailpipe emissions in the GHG-Step scenario are a factor of ~1.8 lower than 592 

tailpipe emissions in the BAU scenario.  In contrast, tire and brake wear emissions are predicted to decrease by a 593 

factor of +3 under the GHG-Step scenario.   This reflects the fact that BAU gasoline and diesel tailpipe emissions 594 

already incorporate significant emissions control technology yielding fewer opportunities for further improvement.  595 

Tire and brake wear emissions have almost no control technology in the BAU scenario, which makes the widespread 596 

adoption of electric or /  hybrid drivetrains using regenerative braking particularly effective at reducing emissions. 597 

The current analysis assumes that no new major highways will be built in California and population growth is 598 

accommodated partially through increased urban density such that traffic volumes increase uniformly across the 599 

transportation network.  These assumptions are simplistic but a previous study of smartgrowth in the San Joaquin 600 

Valley indicated that more detailed accounting of population growth had minimal impact on air quality (Hixson, 601 

Mahmud et al. 2010).   602 

   603 
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Figure 11: Particulate matter emissions of vehicle tailpipe exhaust in the BAU scenario (left panels) and emissions change 604 
in the GHG-Step scenario (right panels).  Units are µg m-2 min-1. 605 

 606 

3.2 Rail, and Off-Road Emissions 607 

Particulate matter emissions from off-road and rail sources are plotted in Fig. 12 for the BAU and GHG-Step 608 

scenarios examined in the current study.  Maximum statewide particulate matter emissions for this source category 609 

are centered at the location of major construction projects with lower emissions rates for “routine” off-road 610 

emissions distributed more broadly according to typical activity patterns for smaller construction projects, rail, etc.  611 

The 2010 emissions inventory that acts as the basis for the 2050 projections in the current project correctly identified 612 

replacement of the east span of the Bay Bridge in the San Francisco Bay Area as the leading construction project 613 

with the highest overall emissions in the state.  This ~$6.5B project spanned more than 10 years with the new bridge 614 

completed in 2013 and final decommissioning and demolition of the old eastern span scheduled for 2018.   615 

It is difficult to predict the location of major construction projects in 2050 but it is reasonable to expect that several 616 

large projects will be active in that timeframe.  Candidate projects currently under discussion include additional 617 

replacement of California’s numerous highways and bridges, upgrading California’s water conveyance systems to 618 

better withstand earthquakes, development of high speed rail lines, reinforcement /  or expansion of seawalls to 619 

protect property, etc.  Each of these projects will potentially emit criteria pollutants that would affect air quality over 620 

major urban centers.  In the present study, the peak emissions associated with the major construction project around 621 

the Bay Bridge were retained in the future scenario as an example of a major construction project near an urban area.  622 

Future model analysis that uses these emissions should conduct sensitivity tests to ensure that the assumed 623 

placement of this example major construction project does not influence the overall conclusions of the study.   624 
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Maximum particulate matter emissions shown in Fig. 12 decrease by a factor of approximately 1.6 4in the GHG-625 

Step scenario relative to the BAU scenario.  Adoption of biomass based fuels was also found to reduce emissions of 626 

SOx, HC, PM, and occasionally CO from off-road and rail sources, but NOx emissions increased for some fuel 627 

choices.   628 

 629 
 630 
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Figure 12: Particulate matter emissions from rail and other off-road sources in the BAU scenario (left panels) and 631 
emissions change in the GHG-Step scenario (right panels).  Units are µg m-2 min-1. 632 

 633 

3.3 Marine and Aviation Emissions 634 

Particulate matter emissions from marine and aviation sources are shown in Fig. 13 for the BAU and GHG-Step 635 

scenarios considered in the present study.  The highest particulate matter emissions rates occur in off-shore shipping 636 

lanes that converge on the Port of Los Angeles, the Port of Long Beach, and the Port of Oakland.  Emissions rates 637 

change with proximity to California shores due to regulations governing sulfur content of marine fuel and/or ship 638 

speed.  Emissions patterns at inland locations reflect shipping activity on inland waterways and/or activity surrounding 639 

small regional airports. 640 

 641 

Maximum particulate matter emissions rates from marine sources increase under the GHG-Step scenario as illustrated 642 

most clearly in the lower right panels of Fig 13.  CA-TIMES predicts determined that the available biofuel capacity 643 

could be more efficiently used to offset traditional fossil fuels for on-road transportation sources and so the GHG-Step 644 

scenario is predicted to incorporate additional fossil fuels for marine sources under the GHG-Step scenario vs. the 645 
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BAU scenario.  The net result of the disbenefits associated with increased marine emissions vs. the benefits of the 646 

decreased on-road emissions will be considered in future studies that include analysis with regional air quality models. 647 

 648 
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Figure 13: Particulate matter emissions from marine and aviation sources in the BAU scenario (left panels) and emissions 649 
change in the GHG-Step scenario (right panels).  Units are µg m-2 min-1. 650 

 651 

3.3 Residential and Commercial Emissions 652 

Fig. 14 illustrates particulate matter emissions from residential and commercial sources under the 2050 BAU and 653 

GHG-Step scenarios.  The spatial patterns of emissions largely follow the estimated population projections in 654 

California in the year 2050 as summarized in Table S24.  Population growth was assumed to be identical under the 655 

BAU and GHG-Step scenarios yielding virtually identical spatial distributions for both scenarios.  The adoption of 656 

new technologies and altered behavioral patterns predicted by the CA-TIMES model under the GHG-Step scenario 657 

were applied uniformly over the state without modification by income, education level, or regional differences in 658 

environmental attitudes.  Predicted changes to particulate matter emissions from residential and commercial sources 659 

are modest with slight reductions of ~10% mostly attributed to energy efficiency measures.  Widespread adoption of 660 

biomethane to replace natural gas is predicted in the GHG-Step scenario but this fuel change has little impact on 661 

criteria pollutant emissions.  662 

 663 

 664 

 665 
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Figure 14: Particulate matter emissions from residential and commercial sources in the BAU scenario (left panels) and 667 
emissions change in the GHG-Step scenario (right panels).  Units are µg m-2 min-1. 668 

 669 

3.4 Electricity Generation Emissions 670 

Fig. 15 illustrates predicted emissions of particulate matter from combustion processes used to generate electricity.  671 

These emissions are represented as point sources and so only the grid cell containing an electrical generation unit are 672 

colored.  The highest emissions rates for individual grid cells are associated with a small number major electrical 673 

generation stations typically powered by natural gas in the BAU scenario.  The majority of the colored grid cells in 674 

Fig. 15 are associated with smaller backup generators that operate intermittently and therefore have very low 675 

emissions.  These backup units are typically powered by a fossil fuel such as diesel fuel in the BAU scenario, with a 676 

shift to biofuels in the GHG-Step scenario.  This fuel switch has modest impact on total emissions given the low 677 

utilization of these units. 678 

Peak emissions rates of particulate matter in the GHG scenario decrease by a factor of ~1.7 in the GHG-Step 679 

scenario primarily due to a reduction in fossil fuel electricity generation in favor of a shift to solar and wind sources 680 

(see Fig. 9).  All generating stations are assumed to continue operation at a reduced rate in the GHG-Step scenario 681 

rather than selectively decommissioning some stations.  The age and efficiency of existing natural gas generating 682 

stations will likely be key factors determining how they are operated in the future scenarios.  Solar and wind 683 

electricity generation does not emit criteria pollutants and so the location of these facilities is not shown in Fig 15.   684 

 685 
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Figure 15: Particulate matter emissions from electricity generation (emission source category type 6) in the BAU scenario 687 
(left panels) and emissions change in the GHG-Step scenario (right panels).  Units are µg m-2 min-1. 688 

 689 

3.5 Biorefinery Emissions 690 

Figure 16 shows the locations of refineries producing biofuels (bio-refineries) in California under the BAU and 691 

GHJG-Step scenarios considered in the present study.  The location of future bio-refineries was chosen to minimize 692 

transportation costs for the raw materials feeding into the refinery and the delivery of fuel to the final point of end-693 

use.  Additional zoning constraints were considered to prevent the placement of bio-refineries near schools, hospitals 694 

or other locations with sensitivity populations.  More generally, a constraint was considered to restrict the placement 695 

of new bio-refineries in regions that currently violate the NAAQS.  The top panels of Fig. 10 therefore do not allow 696 

the placement of bio-refineries in either the SJV or the SoCAB, while the less constrained scenarios illustrated in the 697 

lower panels of Fig. 16 do not impose this restriction.  In practice, bio-refineries were generally sited near landfills, 698 

industrial, or agricultural areas within each city selected as economically optimal within the specified constraints.  699 

The enforcement of NAAQS constrains on bio-refineries lead to a smaller number of larger refineries under both the 700 

BAU and GHG-Step scenarios.  Note that overall bio-refining output is higher in the BAU scenario than in the 701 

GHG-Step scenario.  Bio-fuels have lower associated GHG emissions than traditional fossil fuels but their carbon 702 

intensity is still too high to meet the GHG emissions target represented in the GHG-Step scenario.  The CA-TIMES 703 

model therefore predicts that a portion of the energy supplied by biofuels in the BAU scenario will be supplied 704 

instead by wind and solar in the GHG-Step scenario. 705 
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Figure 16: Biorefinery locations under the BAU scenario (left column) and the GHG-Step scenario (right column).  707 
Legend shows PM2.5 mass emission rates per facility in µg m-2 min-1. Top panels represent the constrained case where 708 
biorefineries cannot be located in air basins out of compliance with National Ambient Air Quality Standards (NAAQS).  709 
Bottom panels are not constrained by NAAQS status.   710 

   711 
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3.6 Summary of Statewide Emissions 712 

Fig. 17a illustrates the net change in emissions related to criteria pollutants in California in the GHG-Step scenario 713 

vs. the BAU scenario analyzed in the current study.  Emissions of each pollutant are broken down by the major 714 

emissions categories analyzed in Section 2.  The miscellaneous category is equivalent in the BAU and GHG-Step 715 

scenarios and hence is not plotted.  Contributions below 0% indicate emissions reductions, while contributions 716 

above 0% indicate emissions increases.  Each of these changes represents the statewide average for the sources 717 

within the indicated sector.  Note that the changes within each sector may not be uniform across the entire state. The 718 

net change in total emissions is indicated by the black horizontal line for each species.  It is immediately apparent 719 

that the emissions reductions illustrated in Fig. 17a are not uniform for all pollutants.  Maximum reductions of ~60% 720 

are observed for CO2 and particulate copper (Cu) emissions.  In contrast, emissions of particulate SO4
2-, gaseous CO 721 

and gaseous SOx actually increase under the GHG-Step scenario due to tradeoffs in the technologies adopted in the 722 

off-road mobile categories (rail, marine, aviation, etc) needed to optimize the overall GHG emissions across the 723 

state.  Emissions of pollutants that experience increasing trends in Fig. 17a are minor in the present-day inventory 724 

and so that they do not currently trigger NAAQS violations. Changes in major key, highly emitted pollutants 725 

emissions including particulate EC, particulate OC, and gaseous NOx fall in between the extreme cases described 726 

above (see results for particulate EC, particulate OC, and gaseous NOx).  Each of these major  pollutants 727 

experiencesexperience a net decrease in total emissions averaged across California, but emissions changes are not 728 

uniform across all categories.  Some technology and fuel changes cause higher emissions which are offset by 729 

savings in other categories.  This complex mixture of tradeoffs reflects the optimal economic approach to GHG 730 

reductions predicted determined by the CA-TIMES model.   731 

The changing activity patterns, fuels, and technologies included in the GHG-Step scenario lead to changes in the 732 

emitted particle size and composition distribution.  This leads to differences in the response of primary particulate 733 

matter with aerodynamic diameter less than 2.5 µm (PM2.5) and less than 0.1 µm (PM0.1; ultrafine particles).  734 

Ultrafine particles are an emerging pollutant of concern expected to influence public health (Delfino, Sioutas et al. 735 

2005, Knol, de Hartog et al. 2009, Hoek, Boogaard et al. 2010).  The results shown in Fig. 17a illustrate that the 736 

GHG-Step scenario leads to only a 4% decrease in primary PM2.5 emissions but a much larger 36% reduction in 737 

PM0.1 emissions.  Recent epidemiology results indicate that PM0.1 is associated with mortality in the California 738 

Teachers Study (Ostro, Hu et al. 2015).  Enhanced PM0.1 emissions reductions This enhanced reduction could 739 

amplify the potential health benefits of the future GHG-Step scenario beyond the level expected from PM2.5 740 

emissions reductions. 741 

Fig 17b. shows the net change in criteria pollutant emissions predicted using the expert analysis approach described 742 

by Shindell et al. (2012).  These results are presented as a comparison point to the results illustrated in Fig. 17a and 743 

listed in SI Table S36 through Table S38. The expert analysis scenario focused on a small number of measures 744 

targeted for countries which are in the early stages of adopting policies to reduce GHG emissions and/or mitigate 745 

regional air quality problems.  As a result, the measures described by Shindell et al. have a large impact on global 746 
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public health but they will have a very minor impact on California (or any other major state or/ country that has 747 

already implemented significant emissions controls).   748 

Comparison of Fig. 17a and Fig. 17b illustrates that only reductions in particulate EC are comparable in the Shindell 749 

et al. and CA-TIMES scenarios due to the mitigation of emissions from off-road diesel engines.  CA-TIMES 750 

accomplishes this reduction through a combined switch in fuels and adoption of diesel particle filters on remaining 751 

diesel and bio-diesel sources to achieve a combined reduction in GHG emissions and criteria pollutant emissions.  752 

Shindell et al. assume uniform adoption of diesel particle filters on all off-road diesel engines with no fuel 753 

switching.  Shindell et al. also specify the adoption of digesters for dairy waste and increased use of landfill gas as 754 

renewable methane sources.  CA-TIMES predicts similar adoption resulting in a ~35-40% reduction in ammonia 755 

(NH3) emissions from these sources.  The CA-TIMES approach considered in the present study additionally 756 

considers how the emissions of bio-methane differ from the emissions of traditional natural gas.  The only other 757 

significant measure specified by Shindell et al. that could reduce criteria pollutant emissions in California is a 758 

complete ban on burning of agricultural waste.  California already limits agriculture burns to avoid stagnation 759 

periods.  Thus, even the apparent savings associated with reduced agricultural burns apparent in Fig. 17b are likely 760 

to have limited practical impact on air quality in the state.  Shindell et al. do not consider the adoption of low carbon 761 

fuels or electrification of on-road vehicles which are necessary to achieve deep GHG reductions in CA.   762 

Overall, the analysis presented by Shindell et al. (2012) is appropriately targeted at global health but the measures 763 

considered in this analysis do not achieve California’s GHG objectives and the criteria pollutant emissions changes 764 

associated with them will not support calculations for future air quality in California.  Energy economic models such 765 

as CA-TIMES represent a more realistic tool for development of scenarios in regions like California that have 766 

already considered all simple measures.  Careful analysis is required to understand the resulting complex pattern of 767 

tradeoffs between emissions in different categories that results from these scenarios.     768 

 769 
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770 

 771 

Figure 17: Change in pollutant emission rate relative to BAU scenario.  Panel (a) represents GHG-Step analyzed in the 772 
current study using the CA-TIMES model.  Panel (b) represents expert analysis presented by Shindell et al. (2012). 773 

Fig. 18 illustrates examples of spatial patterns of emissions changes under the GHG-Step scenario predicted by CA-774 

TIMES in the current study.  The offsetting increasing and decreasing emissions changes illustrated in Fig. 17 do not 775 

occur uniformly over the state but instead appear as regions of localized increasing and decreasing emissions.  As an 776 

even greater complication, the spatial pattern of increasing and decreasing emissions changes for each pollutant.  777 

The top panels of Fig. 18 illustrate changes in the commercial and residential sector for NOx emissions (Fig 18a) 778 
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and OC emissions (Fig 18b) in central California.  Patterns of emissions increases /  or decreases are similar in major 779 

urban centers (San Francisco and Sacramento) but different patterns are predicted for emissions of NOx and OC in 780 

the heavily polluted San Joaquin Valley (Fresno and Bakersfield).  The lower panels of Fig. 18 illustrate even 781 

stronger variation in the spatial pattern of emissions changes in the off-road and rail categories in southern 782 

California.  The spatial pattern of the change in particulate EC emissions (Fig. 18c) differs strongly from the spatial 783 

pattern of the change in particulate OC emissions (Fig. 18d).   784 

All of the emissions illustrated in Fig. 18 will produce regions of increased or / decreased pollutant concentrations.  785 

Given that each region is highly populated, these emissions patterns will have an immediate a direct effect on 786 

population exposure.  Detailed analysis with regional air quality models at a resolution of 4km or finer will be 787 

required to understand the health implications of these changing emissions.  California requires this level of fine-788 

scale emissions analysis to accurately predict the air quality impacts of future GHG mitigation strategies in the state.  789 

Similar efforts will be required to analyze the effects of GHG mitigation strategies on criteria pollutants in other 790 

highly-populated regions that have already moved beyond simple emissions regulations banning obvious sources of 791 

air pollution.  are seeking to apply second and higher rounds ofadditional or more stringent emissions controls and 792 

regulations. 793 

Residential 
and 
Commercial 

a) NOx (ppb ⸳ m min-1) b) OC (µg m-2 min-1) 

Rail and Off-
road 

c) EC (µg m-2 min-1) d) OC (µg m-2 min-1) 

Figure 18: Change in emissions in the GHG-Step scenario relative to the BAU scenario analyzed in the 794 
current study.  (a) NOx from residential and commercial sources (ppb ⸳ m min-1), (b) particulate OC from 795 
residential and commercial sources (µg m-2 min-1), (c) particulate EC from off road and rail sources (µg m-2 796 
min-1), and (d) particulate OC from off road and rail sources (µg m-2 min-1). 797 

The application of The CA-REMARQUE projections for criteria pollutant emissions projection changes associated 798 

with optimal climate policies in California should not be directly extrapolated to other regions or countries emission 799 
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inventories should be done cautiously.  Instead, the methods used by CA-REMARQUE should be applied to each 800 

new region to fully consider the appropriate Many localities, regions, and nations have very unique and different 801 

energy resources available, consumption patterns, equipment vintages, population and economic growth rates, and 802 

aftertreatment regulations and population and economic growth rates.. Each region may have a different optimal set 803 

of These GHG mitigation technologies and policies found in the CA-TIMES GHG-Step scenario may be less 804 

essential to meet GHG goals elsewhere and likely causethat will lead to different rates and spatial patterns of 805 

emission compared to the changes predicted in California.  Many developing regions will be able to select less 806 

expensive rate spatial patterns depending on the energy mix and emission contribution.  For these reasons, other 807 

regions may find different GHG mitigation strategies that also reduce GHG and more inexpensive and/or beneficial 808 

for criteria pollutant emission relative to their BAU scenario.  Within developed regions such as other U.S. states, 809 

the elements of the mobile emissions inventory maintained by the U.S. EPA (MOVES and mobile portion of the 810 

National Emissions Inventory) can be adapted to replace the corresponding California information (EMFAC, mobile 811 

portion of the CARB inventory).  Changes to off-road emissions would need to be estimated following procedures 812 

similar to those employed in the CARB reduction.off-road VISION model.  Effort would be needed to estimate how 813 

changes to marine fuel sources would influence emissions at major ports.  Studies would need to be conducted 814 

describing potential locations for new facilities producing low-carbon fuels and the resulting emissions from those 815 

facilities.  This information would support a fully resolved analysis of the criteria pollutant emissions associated 816 

with climate policies outside of California.   817 

4 Conclusions 818 

The California Regional REgional Multisector AiR Quality QUality Emissions (CA-REMARQUE) model has been 819 

developed to translate optimized GHG mitigation policies to criteria pollutant emissions in California.  Minimum-820 

cost GHG policies are first selected with the energy economic model CA-TIMES.  Tailored methods are then used 821 

to predict corresponding changes in criteria-pollutant emissions for individual categories including on-road vehicles, 822 

off-road vehicles, marine, aviation, rail, residential, commercial, electricity generation, industrial, and agricultural 823 

emissions.  Translation methods account for efficiency improvements, changing technology, and changing fuels 824 

with corresponding changes to criteria pollutant emissions.  Modifications to the composition of reactive organic 825 

gases and the size and composition of airborne particulate matter are considered.  Translation methods also account 826 

for increased emissions associated with some measures, such as the need to produce new bio-fuels including bio-827 

diesel, ethanol, and hydrogen.    828 

The CA-REMARQUE model is demonstrated by predicting emissions in 2050 under a Business as Usual scenario 829 

(BAU) and an optimized GHG mitigation scenario (GHG-Step) in California.  The results show that the optimal 830 

scenario for GHG mitigation produces increasing criteria pollutant emissions in some categories that are offset by 831 

decreases in other categories.  These tradeoffs yield a complex pattern of emissions trends with sub-regions of 832 

increasing emissions and sub-regions of decreasing criteria pollutant emissions across California when viewed at 833 

4km spatial resolution.  In contrast, a simplified expert analysis scenario designed to address global GHG emissions 834 
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maydoes not necessarily have significant impact reduce on criteria pollutant emissions in California because many 835 

emission sources of the targeted emissions sources have already been controlled by the state’s air pollution 836 

regulations.  The expert analysis method does not consider complex fuel switching scenarios beyond the 837 

replacement of natural gas with biomethane. Choosing an economically optimal scenario of additional measures 838 

needed to achieve GHG mitigation goals in California requires tools beyond expert analysis opinions.  Likewise, 839 

fully accounting for the corresponding changes to criteria pollutant emissions requires sophisticated analysis in fully 840 

developed countries and states with strict existing environmental regulations.  841 

The California sub-regions of increasing and decreasing criteria pollutant emissions predicted in the current project 842 

occur in close proximity to major population centers and so they will almost certainly influence population exposure 843 

and public health.  The emissions inventories created in the current study will be analyzed using regional air quality 844 

models in a future study to fully calculate impacts on public health. 845 

4 Code and/or Data Availability:  846 

All of the data necessary to calculate changes to emissions inventories are published in full in the main text and 847 

supporting information section of the manuscript.  Collaborators may request the CA-REMARQUE model code 848 

and/or final criteria pollutant emissions inventories by contacting the corresponding author.  Note that tThe CA-849 

REMARQUE v1.0 model is separate from and thus does not include the CA-TIMES energy-economic model.  850 
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