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EPA’s MOBILESa model was used to determine baseline exhaust emissions from a fleet of 1990-
technology vehicles when operating on 1990 average gasoline (both summer and winter). To focus
on in-use emissions from this fleet, MOBILE was run for the year 2015, but with all post-1990
vehicle programs turned off. Because the MOBILE model does not provide emissions estimates for
toxic compounds, data from specific experimental programs (including the Auto/Oil AQIRP) were
used to determine baseline toxics emissions. Due to very limited data, POM emissions were simply
calculated as a constant fraction of total exhaust VOC.

Through a series of multiple linear regression analyses, equations were developed to relate the 1990-
technology fleet exhaust emissions (expressed as g/mile) to fuel properties. Because vehicle effects
are much larger than fuel effects when determining emissions, “dummy variables” were assigned to
the vehicle effects, allowing a greater focus on fuel effects. (In the RIA document, EPA explained
that vehicle effects accounted for about 90% of the variation in exhaust emissions from the fleet,
whereas fuel effects explained 5-6% of the variation, and 4-5% of variation remained unexplained.)
As described in the RIA, the “raw Complex Model” developed by this process then underwent a
series of refinement and simplification steps. The fuel terms in the final exhaust Complex Model are
shown below in Table 5. Shading is used to identify the few cases where the model coefficients for
normal emitting and high emitting vehicles have opposite signs.

Table 5. Fuel Property Coefficients used in Final Exhaust Complex Model.”

Exhaust VOC NOx Exhaust Benzene
Fuel Terms Normal High Normal High Normal High
Emitters Emitters Emitters Emitters Emitters Emitters
Oxygen -0.003641 -0.003626 | 0.0018571 -0.00913 0.0 -0.096047
Sulfur 0.0005219 | -0.000054 | 0.0006921 0.000252 0.0006197 0.000337
RVP 0.0289749 | 0.0432950 | 0.0090744 | -0.013970 - -
E200 -0.014470 | -0.013504 | 0.0009310 | 0.0009310 | -0.003376 0.0
E300 -0.068624 | -0.062327 | 0.0008460 | -0.004010 0.0 0.011251
Olefins -0.002858 | -0.002858 -0.002774 -0.002760 - -
Aromatics | 0.0323712 | 0.0282042 | 0.0083632 0.007097 0.026550 0.011882
Benzene - - - - 0.222390 0.222318
(E200)? 0.0001072 | 0.0001060 - - - -
(E300)2 0.0004087 | 0.0004080 - - - -
Arom*E300 | -0.0003481 | -0.000287 - - - -
(Sulfur)? - - -6.63 x 10”7 0.0 - -
(Olefins)? - - 0.0003665 | 0.0003665 - -
(Aromatics)? - - -0.000119 |-7.995x 10° - -
* Notes: Shaded cells indicate coefficients having opposite signs for normal and high emitting vehicles

Coefficients for exhaust POM are identical to those of exhaust VOC.
Different coefficients (not shown) for other toxics (formaldehyde, acetaldehyde, and 1,3-BD)
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The non-exhaust portion of the Complex Model was developed using a different process than that
used for exhaust emissions. The non-exhaust model predicts emissions of benzene and VOCs in
warmer “Class B” and cooler “Class C” areas. (Class B is also referred to as VOC Control Region 1,
and Class C is VOC Control Region 2.) The VOC non-exhaust model was derived from the MOBILE
model, while the benzene model was derived from a thermodynamic vapor equilibrium model.
MOBILEA4.1 was used to develop the non-exhaust Complex Model for Phase 1 of the RFG program;
MOBILES5a was used for Phase 2 of the RFG Program (year 2000 and later). Other changes in the
Complex Model in going from Phase 1 to Phase 2 of the RFG Program included switching from
Basic to Enhanced I/M programs, and addition of light-duty trucks (LDT) in Phase 2.

The only fuel property influencing non-exhaust VOC emissions is RVP. Thus, the Complex Model
includes a series of 6 regression equations (3 for Area Class B and 3 for Area Class C) that express
evaporative, refueling, and running loss emissions (in units of g/mile) as a function of RVP. Non-
exhaust benzene emissions are influenced not only by RVP, but also by fuel benzene content and
MTBE content. (As documented in the RIA, addition of MTBE to gasoline lowers the mass percent
of benzene in the vapor phase, while addition of ethanol has no such effect.)

Because the Complex Model was derived using vehicle technologies and baseline fuel compositions
that are “frozen in time,” EPA originally proposed to update the model every five years to
incorporate more recent data on emissions effects of fuel reformulation (RIA, p 259). However, in
response to comments that such frequent updates would be too disruptive, it was stated that “EPA
plans to update the model through a formal rulemaking process that will be undertaken when EPA
determines that sufficient new information is available to warrant such action.”® To date, no such
rulemaking process has been undertaken.

4.2 Use of the Complex Model

The purpose of the Complex Model is to assess compliance with the emissions reduction
requirements of the RFG regulations. Thus, the emissions performance of a candidate fuel is
evaluated by inserting its fuel property values into the Complex Model, and calculating the predicted
emissions rates that would result. EPA defines the performance of a candidate fuel as “the percent
change in the vehicle emissions that would occur if the baseline gasoline were to be replaced with the
given fuel in the fuel tank of a typical 1990 vehicle” (RIA, p 168). Because the Complex Model was
developed based on limited numbers of vehicles and test fuels, EPA also conducted considerable
work (documented in the RIA) to establish valid ranges for the fuel properties utilized in the model.

From a user’s perspective, the Complex Model is a spreadsheet that requires manual input of a few
parameters. A screen shot of the Complex Model input page is shown in Figure 13, where color-
shaded boxes have been added to highlight certain sections of the page. The only inputs that the user
can modify are highlighted in the yellow and red boxes near the top left corner of Figure 13. The
yellow box is used to specify the Area Class (B or C), the Season (summer or winter) and the RFG
Program Phase (1 or 2). (Since the year 2000, only Phase 2 has applied.)
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FINAL COMPLEX MODEL FOR VOC, NOx AND TOXICS

MTBE (wt% oxygen)
ETBE (wt% oxygen)
Ethanol (wt% oxygen)
TAME (wt% oxygen)
SULFUR (ppm)
RVP (psi)

E200 (%)

E300 (%)
AROMATICS (vol%)
OLEFINS (vol%)
BENZENE (vol%)

Exhaust VOC
Nonexhaust VOC
Total VOC

Exhaust benzene
Nonexhaust benzene
Acetaldehyde
Formaldehyde
Butadiene

POM

Total exhaust toxics
Total toxics

NOXx

Baseline fuel

53.5400
6.2413
4.4400
9.7000
9.3800
3.0430

80.1030

86.3443

1340.00

mg/mi
719.96
321.73
1041.68

23.2023
1.3207
10.1448
10.1649
8.4766
2.4155
54.4041
55.7248

1139.52

Area Class = B

Phase = 2
Season=  Summer
WARNING

See Warnings and Caveats
below, starting in cell A:A35

Percent change
-20.62
-42.48

-56.66
-78.84
128.49
479
-9.63
-20.62
-32.08

Warnings and Caveats:

If the current scenario and/or target fuel parameter values require warnings or
caveats, such warnings or caveats will appear below :

The exhaust VOC curve has been extrapolated
The exhaust NOx curve has been extrapolated

Figure 13. Screenshot of RFG Complex Model.

Emitter class weightings:

Phase | Phase Il

Normals Highs Normals Highs
VOC+Toxics 0.52 0.48 0.444 0.556
NOx 0.82 0.1 8| 0.738 0.262

Current settings:

Normals Highs
VOC+Toxics 0.444 0.556 Total oxygen content :
NOx 0.738 0.262 Baseline Target

OXYGEN 0 3.5743722
Baseline fuel: CAAB Winter Flat-line extension of target fuel parameters
beyond the valid range :

OXYGEN (Wt%) 0 0
SULFUR (ppm) 339 338 E300 86
RVP (psi) 8.7 8.7 Aromatics 171
E200 (%) 41 50
E300 (%) 83 83
AROMATICS (vol%) 32 264
OLEFINS (vol%) 92 11.9
BENZENE (vol%) 1.53 1.64
Baseline emissions (mg/mi): Current ID value = 112
Class B B C C B B C C
Phase 1 2 1 2 1 2 1 2
Season Summer  Summer  Summer  Summer Winter Winter Winter Winter
ID value 111 112 121 122 211 212 221 222
Exhaust VOC 446.00 907.00 446.00 907.00 660.00  1341.00 660.00 1341.00
Evap VOC 860.48 559.31 769.10 492.07 0.00 0.00 0.00 0.00
Total VOC 1306.48  1466.31 1215.10 1399.07 660.00  1341.00 660.00 1341.00
Exhaust benzene  26.1000  53.5400 26.1000 53.5400 37.5700 77.6200 37.5700  77.6200
Evap benzene 9.6591 6.2413 8.6328 5.5047 0.0000 0.0000 0.0000 0.0000
Total benzene 35.7591 59.7813  34.7328  59.0447 37.5700 77.6200 37.5700  77.6200
Acetaldehyde 2.1900 4.4400 2.1900 4.4400 3.5700 7.2500 3.5700 7.2500
Formaldehyde 4.8500 9.7000 4.8500 9.7000 7.7300  15.3400 7.7300 15.3400
Butadiene 4.3100 9.3800 4.3100 9.3800 7.2700  15.8400 7.2700 15.8400
POM 1.4963 3.0430 1.4963 3.0430 22143 4.4991 22143 4.4991
Exhaust toxics 38.9463 80.1030 389463 80.1030 58.3543 120.5491 58.3543  120.5491
Total toxics 48.6054  86.3443  47.5791 85.6077  58.3543 120.5491 58.3543 120.5491
NOx 660.0000 1340.0000 660.0000 1340.0000 750.0000 1540.0000 750.0000 1540.0000
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The user’s selection of Area Class and Season dictate the baseline fuel properties that are shown in

the grey box in the upper left section of Figure 13. The user also inputs the 11 fuel properties of the
Target fuel, which are highlighted in the red box. As is typical of all gasolines produced in the past

10-years, the example Target fuel shown here contained no ether-based oxygenates (MTBE, ETBE,
and TAME), so only 8 fuel properties are input into the Complex Model spreadsheet.

Baseline emission rates for the 1990-technology vehicle fleet are calculated in the Complex Model
using the baseline fuel properties appropriate for the selected Area Class, Season, and RFG Program
Phase. The baseline emission rates of VOC (exhaust and evap.), NOy, benzene (exhaust and evap.)
other exhaust toxics (formaldehyde, acetaldehyde, 1,3-BD, and POM) are highlighted in the purple
box of Figure 13, immediately below the grey box showing the baseline fuel properties. This page
from the Complex Model also includes fixed cells showing the baseline emission rates for all 8
possible scenarios: 2 Classes, 2 Seasons, and 2 RFG Phases. These 8 sets of baseline emissions are
shown in the pink box in the bottom right quadrant of Figure 13. In addition, fixed cells in an un-
highlighted region at the top of the page show the emissions weighting used for VOC, toxics, and
NOx emissions.

Interestingly, the baseline emission rates changed dramatically between the RFG Phase 1 and Phase 2
periods. For a given Area Class, during both summer and winter, changing from Phase 1 to Phase 2
approximately doubled the emission rates of exhaust VOC, NOy and total toxics. However, summer
evaporative VOC emissions declined significantly in changing from Phase 1 to Phase 2. Winter
evaporative emissions (including evaporative benzene) were defined to be zero in both Phase 1 and
Phase 2. The two main factors explaining these differences between Phase 1 and Phase 2 are: (1) a
change from MOBILE4.1 to MOBILES5a resulted in significantly higher estimates for all exhaust
species, and (2) a change from Basic I/M to Enhanced I/M significantly reduced evaporative
emissions.

Based on user-inputted target fuel properties, the Complex Model calculates a new set of emission
factors. In the example shown in Figure 13, these emission rates are highlighted in the blue box
located beneath the red box of Target fuel properties. Emission rate differences between the Target
fuel and the Baseline fuel are shown in the orange-colored box. The three highlighted values in this
box are the percent emissions reductions of total VOC, total toxics, and NOy that the Complex Model
predicts would result from use of the Target fuel. It is these three values that are compared with the
reduction requirements stipulated in the regulations to determine whether the Target fuel satisfies the
RFG requirements. In this example, the calculated reductions of VOC, NOy, and toxics all meet or
exceed the requirements for a summer RFG in Area Class B (as shown in Table 1).

4.3 Sensitivity analysis of Complex Model

In practice, fuel blenders satisfy the VOC and NOy emissions reduction requirements of RFG by
modifying, principally, three fuel parameters: RVP, oxygen content, and sulfur content. The toxics
reduction requirement is met primarily by controlling fuel aromatics and benzene levels. The
directional exhaust emission effects of changing each fuel property can be seen by the Complex
Model coefficients shown in Table 5. These coefficients indicate that VOC exhaust emissions for
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normal emitters are reduced by reducing RVP and sulfur and increasing oxygen; in high emitters,
reducing sulfur has a small detrimental effect. The only fuel property affecting non-exhaust VOC
emissions (both normal and high emitters) is RVP. The predicted impacts of fuel properties on NOx
emissions are more complicated, with RVP reduction being beneficial in normal emitters, but not in
high emitters. Increased oxygen content is predicted to increase NOx in normal emitters, but decrease
NOy in high emitters, while sulfur reduction reduces NOx in all vehicles.

From the above discussion, there is a good sense of which fuel properties most strongly drive the
emissions outcomes predicted by the Complex Model. However, no systematic investigation of
model sensitivity is included in the RFG RIA document. Therefore, we undertook the task of
investigating the sensitivity of the Complex Model outputs (for VOC, NOy, and toxics) with respect
to each of 9 model input parameters. To do this, each fuel input parameter was varied incrementally
over a range of values while keeping all other fuel inputs at the levels specified for summer baseline
gasoline. These baseline levels, which are shown in Table 6, are taken from the Complex Model
spreadsheet, as shown in the green box of Figure 13. Table 6 also shows the fuel property limits of
the Complex Model, and the range of values that we examined to explore model sensitivity.

Table 6. Baseline fuel properties (Area Class C), valid range limits of the Complex Model, and
ranges of input values used to determine model sensitivity.

Gasoline Parameter CABAaizlrir:mn(:er Complex Wodef Himits Range EVE:?h.,lZ:Tted
Properties Lower Limit Upper Limit for Sensitivity
Ethanol (wt. % oxygen) 0 0 3.7 0-5.5
MTBE (wt. % oxygen) 0 0 3.7 0-2.7
Sulfur (ppm) 339 0 500 10-100
RVP [summer] (psi) 8.7 6.4 10 7-9
E200 (%) 41 30 70 41 -60
E200 (%) 83 70 95 80-88
Aromatics (vol. %) 32 10 50 15-35
Benzene (vol. %) 1.53 0 2 04-1.6
Olefins (vol. %) 9.2 0 25 6-19

The ranges of fuel properties we examined do not correspond exactly with the Complex Model
limits, as we were interested in examining ranges that are more consistent with those found in actual
marketplace fuels. For example, while the Complex Model upper limit for ethanol is 3.7 % oxygen,
we extended this to a value of 5.5%, which corresponds to E15. Also, while the valid range for sulfur
is 0 to 500 ppm, we limited our examination to a much narrower range of 10-100 ppm, to better
reflect actual marketplace fuels. Similarly, we examined narrower ranges of E200, E300, aromatics,
and olefins to more closely represent typical marketplace fuels.

23




To normalize the sensitivity results for comparison of slopes, each fuel input property in the baseline
fuel was assigned a value of zero. (By definition, the Complex Model results for VOC, NOx and
toxics when using baseline fuel properties are zero, since the results are expressed as percent
difference from baseline.) The minimum and maximum valid limits to the Complex Model inputs for
each property were assigned values of -1 and +1, respectively. In this way, the range of all fuel
property inputs evaluated were between -1 and +1, except for ethanol, which as mentioned above was
extended from 3.7% to 5.5%. A negative input parameter represents a fuel property with a lower
value than the baseline; a positive input parameter represents a fuel property with a higher value than
the baseline.

The results of sensitivity analyses for NOy, toxics, and VOC emissions are portrayed in Figures 14,
15, and 16, respectively. Each figure has a similar format, showing percentage changes in predicted
emissions (y-axis) as the values for one fuel parameter at a time are varied over the range of interest
(x-axis). For each parameter, 12 separate increments were used to span the range of interest, resulting
in derivation of the individual data points shown in these figures. “Best fit” lines are included for
each set of results, along with mathematical formulas for some of the lines. The center point, where
the lines intersect, represent baseline gasoline, at which point both parameter changes and percent
changes in emissions are zero. In addition, individual diamond- and triangle-shaped points are
included to indicate the position on each line that corresponds to the 2015 average fuel property for
RFG and CQG, respectively.

Figures 14-16 provide a detailed visual explanation of the Complex Model sensitivities to changes in
fuel properties. Focusing first on NOy emissions, Figure 14 shows that sulfur content and aromatics
content are the only two fuel parameters that can be modified to substantially reduce NOy. Actual
sulfur contents of both RFG and CG have already been reduced to very low levels, as illustrated by
the overlapping data points near the minimum parameter value on the sulfur curve. Aromatics
content in 2015 gasolines were slightly lower in RFG (17.1%) than in CG (21.3%), as shown by the
data points on the aromatics curve. The fuel property that could most significantly increase NOx
emissions is olefins content. However, as the actual 2015 olefin contents of RFG (10.9%) and CG
(8.9%) are both quite close to the baseline value of 9.2%, there is very little change in NOy from
baseline levels. E200 is the only other fuel property that significantly affects NOx. A slight difference
in E200 is noted between RFG (47.8% distilled) and CG (53.6% distilled), although the effect of this
difference upon NOy emissions is very small.

Figure 15 shows that predicted toxics emissions are influenced by many different fuel properties,
with the strongest effects due to total aromatics content and benzene content. As indicated by the
marked data points on these curves, the lower aromatics content and benzene content of 2015 RFG
vs. CG lead to lower predicted toxic emissions from RFG compared to CG. The next most significant
fuel effect is sulfur content, but as discussed above, there is no significant difference in the value of
this parameter between RFG and CG. A significant difference does exist in the RVP levels of these
2015 gasolines, with CG having a higher level than RFG (9.13 psi vs. 7.11 psi). In fact, the CG RVP
level in 2015 is higher than the baseline level for 1990 gasoline. This increased RVP, which is
largely due to the 1 psi waiver granted to E10 CG, contributes to a slight increase in predicted toxics
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