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A sensitivity anatysis of MODEL6, the final component of the Argonne 
National Laboratory's Commercial and Residentid Energy Use and Emis- 
sions Simulation (CRESS) has been carried out using automated sensitivity 
analysis tools developed at Oak Ridge National Laboratory. MODEL6 
projects emissions of five fossil energy-related atmospheric pollutants by 
assuming emission will be proportional to a related economic activity level 
adjusted for changes in emission factors. Sensitivities of projections of 
aggregated emissions to the economic driver parameters and to parameters 
related to emission factor changes are presented in this regost, 

iX 
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CRESS, the Commercial and Residential Energy Use and Emissions Sizlzulation 
System,I models the emissions of five atmospheric pollutants in the continental United 
States over the period 1980 to 2030. It was designed to provide the commercial and 
residential sector emission projections for a more comprehensive set of models sponsored by 
the National Acid Precipitation Assessment Program (NAPAP). This sensitivity study 
was undertaken with the support of the Department of Energy’s Office of Planning and 
Environment and is supplementary to the Argonne National Laboratory (ANE) work on 
CRESS. 

The fundamental task of CRESS i s  to translate projections of future economic, techno- 
logical, and geographic parameters into projections of pollutant emissions. CRESS con- 
sists of a series of five computer programs which perform various components of this task. 
Figure 1 diagrams the structure of the CRESS system. The basic functions of the five 
programs are: 

PREP.FOR Restructure input data sets 
HOME2.FOR 
CSEM2.FOR 
REGION.FOR 
NODEL4.FOR 

Residential Sector Energy Use projections 
Commercial Sector Energy Use projections 
Disaggregate HOME2 and CSEM2 output by state 
Project pollutant emissions from energy use and 1980 

pollution data 

The main computational work of the CRESS system is done in the HOME2, CSEM2 
and MODEL6 modules. It is intended that a sensitivity analysis be conducted on these 
three modules separately. This report will concern itself with just one of the modules, 
however, MODEL6. 

Should the analysis of the three major modules appear to warrant such a course of 
action, selected sensitivities will be propagated through the entire CRESS network. 
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2. ( C R m  BACKGROUND 

The CRESS system consists of 5 separate FORTRAN programs and 42 input data 
files containing on the order of 200,080 data elements. The system produces one per- 
manent and 6 temporary output files. The full CRESS system can be conceptually divided 
into 5 separate modules, each consisting of a single program an its associated input and 
output files, as depicted in Fig. 1. For the purposes of using Oak Ridge National 
Laboratory’s (ORNL) automated sensitivity analysis system (named GRESS -- an 
unfortunate coincidence of acronyms for this study), separate examination of the system 
modules is necessary. Coupling of sensitivities between modules sat present requires manual 
intervention. This paper will discuss sensitivities in the final module, MODEE6.FQR, 
which converts energy usage and other geographic projections into forecasts of pollutant 
emissions. 

MODEL6 consists of two parallel models, one for projecting VOC (volatile organic 
compound) emissions, and another for projecting emissions of 4 other energy-related 
atmospheric pollutants, SOz, NOx, CO and TSP (total suspended particulates). Projec- 
tions of emission levels are made using recent historical data on economic activity and pi- 
lution levels, and projections of future activity and changes in pollution factors. The 
details of the projection algorithm wiIl be discussed later in this paper. 
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The CRESS programs were run at ANI, on an IBM 3033 system. While HBM 3 
are available at QRNL, for logistic reasons (cost, turnaround time, and availability of the 
most recent version of GRESS), the runs at ORNL were conducted on the Scientific and 
Technical Computing system, which contains (among others) a VAX 8600 on which this 
work was done. Both systems obstensibiy op ra t e  the same version of Fortran, but inevit- 
ably slight differences in implementation were encountered. Thus, simply to run the 
CRESS programs, a few slight changes to the code were necessary, in addition to altering 
the IBM JCL to the corresponding VAX DCL. These changes involved only the alteration 
of a few FORMAT statements in REGIQN.FBR and MODEL6.FOR, and addition of the 
appropriate parameter list to calls to the ENTRY points "VQCTAB" and "POLTAB" h 
MQDEL6.FOR (required by the VAX FORTRAN implementation but apparently not by 
IBM's). To facilitate separate examination of the modules of CRESS, the control 
language logic was altered to preserve intermediate data files that are discarded when the 
full CRESS system is run. 

With the above alterations, the CRESS was run on the VAX 8600 for the "Reference" 
economic growth case (as opposed to "high" and 'low" growth cases) and the results com- 
pared to the file REFCASE.RESULT, the output file created on ANL's HBN 3033 for the 
identical case. Substantially the same results were produced by the VAX version as were 
listed in the IBM-generated output file. Of the approximately 27,000 numbers listed as 
output in RESULT.TAB, a moderate proportion of the numbers was not identical between 
the two versions. This seemed to be due to differences in the round-off error produced by 
the two implementations of FORTRAN. Obstensibly, neither version is accurate to more 
than about 6 significant digits on a single precision real value, and arithmetic operations 
can further degrade this precision in the final answer. In general, the largest errors were 
on the order of 0.02% to 0.03% of the listed result, and the VAX results were somewhat 
more internally consistent (i.e. the computed sum of a list of values was closer to the 
actual sum of the list), as exemplified by Table 1.  

Table 1. Sample Comparison of CRESS REFCASE.RESULT Precision - MODE&Q.FQR 

TSP Anriual Tonnage - Commercial S e c t o r  - Sum o f  State T o t a l s  v s .  National T o t a l s  

1980 1985 1990 1995 2000 2010 2020 2030 

I B M  3033 (ANL) 

L i s t e d  Sum 1873799 1914037 1952961 1978450 1998525 2035701 2052353 2056334 
Sum of L i s t  1873799 1914183 1953110 1978615 1998672 2035869 2057513 2056496 
Difference 0 146 149 161, 147 162 160 1 6 1  
ppm ex ro r  0 76 76 83 14 80 / e  79 

VAX 8600 (OWL) 

Lis t ,ed  Sum 1873799 1916186 1953120 1978625 1998687 2035879 2052537 2056524 
Slim of L.ist 1873799 1914186 1953116 1978625 1.998687 2035883 2052577 205652i.) 
Difference 0 0 -4 0 0 4 0 - 4  
ppm er ror  0 0 -2 0 0 2 0 - 2  
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The model for projection of emission quantities consists of essentially two equations, 
m e  for VOC emissions and another for the other four pollutants treated by the model. 
These two equations will be referred to in this payer as "'Q-functions". SOX, NOx, CO, 
and TSP emissions are projected with the formula: 

Q = C [B (1-A) 4- A (I-R)' 4- A E (B-( l -R)t )  (1) 

where the parameters internal variable array names and definitions are: 

Q = TPYS02, TPYNOX, etc. : tons of poliutant/yr 
C TPYS02, TPYNOX, etc. : tons of poliutant/yr in 1980 
A = GROWTH : fraction of new equipment/activity subject 

E = ERATlO : ratio of pollution Factors (new:old) 
R = FRACRR : annual replacement rate for old 

B = driver variable (based on RESECY, CMIEGY and DRIVAR) 

= 

to new emission factors 

equipmen t/activity 

' t = years since 1980 

Complementing the above equation are several logic checks which impose boundary 
conditions on the applicability of the equation. The variables (Q) and (C) are read from 
the POINT.DAT and AREA.DAT files, which contain the NAPAP data base on point 
and area emission sources. Each entry in these files is categorized according to its source 
classification and state. Each such category is associated with values for the parameters 
(A), (E), and (R), read from other data files. The source category will likewise determine 
which of 18 parameters the driver variable will be based upon. These parameters are 
derived from internal variables in arrays named RESEGY, CMIEGY, and DRIVAR. 
Most are fuel usage projections generated in the HOME2 and CSEM2 modules of 
CRESS, but a few are geographic in nature (forest acreage; total and rural population). 
CRESS includes only emissions directly attributed to the commercial and residential sec- 
tors. The commercial and residential sector emissions do not include contributions from 
emissions due to transporation or electric utility generation from which they (partly) bene- 
fit; the residential sector in CRESS does, however, get credit for certain natural 
phenomena (e.g forest fires) but apparently not others (e.g. vulcanism). These driver 
parameters are the only data elements used by MODEL6 which derive from the first 4 
modules of CRESS. 

The driver variable ( B )  is defined as the ratio of the parameter value in time (t) to its 
value in 1980: 

Driver( t) 
Driver( 1980) 

B =  
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The above formula in essence say? that pollution will change at the same rate as the 
selected driver variable, with appropriate corrcctions made for iinprovements in cquiprneant 
and emission regulations. This assumed re!atioaxfiip between pollutisn and driver variable 
is not necessarily intended to be either comprehensive or causal. Pohtion due to a partic- 
ular type of activity will be driven by a single driver variable, even though obvious (or sub- 
tle) relationships may exist between that driver variable and other driver variables. The 
model authors have simply chosen what they deemed to be the most appropriate available 
datum on wbieb to base projections. '4 particular rnodcl result will he formally sensitive 
only to its own driver variable. There may be a host of relationships implicit in the value 
of a particular driver variable that will not be evident in this sensitivity analysis on 
MQDEE6. For example, pollution duc to residential usc of natural gas is driven (quite 
reasonably) by projections of residential usage of natural gas. Gas usage certainly is 
related to population (another driver variablc), but this relationship will not be evident 
frcjm this sensitivity analysis. Some of these "invisible" relntionships may appear in ana- 
lyses of other modules of CRESS, and where warranted can be manually linkcd through 
all the CRESS modules. Others, however, may be implicit in data imported into the 
CRESS system as a whole, which is driven by economic and geographic projections made 
by other models. 

VOC emissions arc, treated conceptually in the same manner, but using a different 
equation: 

Q = A (1/B) (D E + C )  (2) 

where the internal variable array names and meanings are: 

Q - TBYVOC : tons of pollutantlyr 
A = TPYVOC : tons of pollutantlyr in 1980 
S = VOCBYR : 1980 emission factor 
C = VOCOLD : projected emission factor for existing and 

replacement sources 
E = VOCNEW : projected ernissian factor for new sources 
D -= driver variable (based OII DRIVAW, RESEGY, and CMIEGY) 

Some differences in definition in this equation should be noted. The driver variable is, as 
before, based on an appropriate fuel use or other parameter, but 

Driver( t) - Driver( 1980) 
Driver( 1980) 

D -  . .. . . . . . . . ..... 

Secondly, the parameter (C) encompasses the estimates of 

is defined as: 

replacements (and possible 
improvement) of 1980 equipment which were at least partially calculated using (R), (t), 
(E) and (A) in the SOX equation. 

The parameters used in the above two equations are read from a number of input files. 
The names of the files and the associated variable names from which they are derived are 
listed in Table 2. 
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08 
09 
10 
11 
12 
13 
14 
15 

17 
18 
119 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

VOC1980.DAT 
VOC 1985.DAT 
VQC 1990.IBAT 
VOC1995.DAT 
VOC20QO.DAT 
VOC20 I O.DAT 
VQC2020.DAT 
VOC2030.DAT 
/ AREA.DAT 

POINT.DAT 
VOCDATAI.NTM 
VOCDATAZNTM 
SOXFRKDAT 
SQXNCP. DAT 
SNCPFACT.DAT 
VCN 1985.DAT 
VCN 1990.DAT 
VCN1995.DAT 
VCN200Q.DAT 
VCN201 O.DAT 
VCN 2020.DAT 
VCN2030.DAT 

VOCBYR 
VOCOLD 

n 

II 

II 

If 

H 

II 

TPY xxx 

RESEGY;CMIEGY 
DRIVAR 
FRACRR 
GROWTH 
ERATIO 
VQCNEW 

I1 

W 

II 

n 

I1 

l+ 

II 

VQC Emission factors by 
source for old 
equipment /activities 

NAPAP 1980 emission 

Driver 

SQx,NOx,CO,TSP 

source data base 

variables 

parameters 

VOC Emission factors by 
source for new 
eyuipment/activities 

The basic function which MODEL6 performs is to read each of the 33,000 non-zero 
source terms in the NAPAP data base, project pollution via the appropriate Q-function for 
that source in each model period, and add the result to appropriate subtotals (which 
categorize pollution by sector, aggregated source categories, pollutant, state, region, and 
national total). This output is written to a single fiie, RESULT.TAB. 

Counter-intuitive behavior is potentially possible with certain combinations of parame- 
ter values. An example of such behavior might be emission increasing when emission fac- 
tors of new equipment decline. Such potential problems were searched for in some detail, 
but in all cases examined, such behavior was either trapped by program logic or was ten- 
dered moot by reason of the specific values of the data. 

4.1. ANALYTICAL SENSITIVITIES OF Q-FUNCTIONS 

Since the fundamental model for emission in MODEL6 is simple, it is straightforward 
to analytically (and manually) derive the sensitivities of (Q) with respect to its variables. 
Figures 2 through 4 display the sensitivities of the basic (9 function in the SOX model as 
the Driver variable is varied for variations in the parameters (E), (A), and (Fo), respec- 
tively. For purposes of these figures, the parameters (R) and (t) have been combined into 
the variable (Fo) which is defined as the fraction of old equipment remaining, namely: 

FO = ( l -R)t  . 



10 



1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

i
 



12 

m
 

m
 

W
 

0
3
 

0
 

&
X
 

w
 

U
N

 

,... 
-

0
 

- 
1
3
 

0
 
0
 

I1 
I1 

I 
I1 

L
L

L
L

 

11 
I' 

0
0

 C
 

L
L

L
U

 
0

0
 

0
 

L
L

 



1 3  

Figure 2 illustrates the behavior of the SOX -function over a wide range of values of 
the parameter E (emission factor for new equipment/activities3 and driver variable. The 
driver variable ranges from 0 (no driving activity) to 2 (doubling of driving activity). The 
parameter (E) ranges in value from 1.0 (new standard ;= old standard) to 0.0 (new stan- 
dard = no emission). In this illustration, the parameter (A), fraction of new activity sub- 
ject to new emission standards, is held constant at 0.9 and the fraction of old e q i p  1 men% 
still in use (FQ) is taken to be 8.8. Above a driver variable value of 0.8, the Q-function 
varies linearly with both driver variable and (E). Below this point, a boundary condition 
(not directly embodied in the formula displayed above for Q> is imposed, and the parame- 
ter (E) has no further effect. The effect of this boundary condition is to say that if an 
activity (Le. the driver variable) declines faster than its associated old equipment weuld 
normally suffer attrition, that no new equipment will be used. Figures 3 and 4 display 
similar behavior for variation of other combinations of parameters in the 
SOx/NOx/CO/TSP Q-function. 

Figures 5 and 6 display similar sensitivity contours for the VOC Q-function. In both 
figures, the driver variable ranges from -1.0 to 1.0. Due to the difference in definition of 
driver variable between the VOC and SOX equations, this covers the same range of 
behavior as before, namely "no activity" to "doubling of activity". Figure 5 varies (E), the 
emission factor for new sources, from 0.0 to 1.0; Fig. 6 varies ( C ) ,  the emission factor for 
existing and replacement sources, over the same range. In both cases the parameter (B), 
the base year emission factor, is fixed at 1.0. As in the SOx/NOx/'etc. case, the response 
of the Q-function is linear to these parameters. The break in the slope of the contours at 
(Driver = 0.0) is due to a boundary condition preventing new equipment from being used 
when existing and replacement equipment exceeds the demanded capacity for a given 
activity. 

The above description of analytical sensitivities of MODEL6 apply to any single entry 
in the POINT and AREA emission data base. Since MODEL6's output consists of 
variously categorized subtotals and totals of these results, overall sensitivities to a particu- 
lar parameter will be the sum of the corresponding sensitivities (appropriately normalized) 
of the subset of results which uses that parameter. 

The analysis discussed so far was not conducted with the assistance of automated sensi- 
tivity analysis tools. MODEL6 does not (and was not intended to) carry out a complex 
mathematical processing of its input data. The complexity of CRESS and MODEL6 is in 
the aggregation/disaggregation and categorization of emissions from the large number of 
emission sources. In this task, automated sensitivity computation is of considerable assis- 
tance. 

4.2 GRESS ENHANCEMENT 

GRESS (GRadient Enhanced Software System)2 is a tool for automating sensitivity 
analyses of FORTRAN programs. It is used as a precompiler on source code to produce 
an enhanced source code and library which has the capability of propagating (via the chain 
rule of differentiation) partial derivatives with respect to any real parameter. This 
enhancement to the original code allows the calculation of the sensitivity of any variable 
with respect to any other without (in principle) detailed examination or knowledge of the 
intermediate processing the code may perform. Multiple sensitivities may be calculated 
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using this tool (limited by coaiaputer memory and run time), in contrast to perturbation 
methods, which generally pernit only a single variable to be varied per run. Calculated 
sensitivities from GRESS are for the particular solution point only; developmen: of a 
detailed response surface would require re-run of the subject program with altered input 
v a 1 u e s . 

Aside from the modification and recompilation required, there is typically a CPU-time 
penalty associated with running a GRESS-enhanced program. In the case of MODEM, 
the enhanced version required about 3 times as long to run as the original version. Typical 
factors for other programs are 10 to 30; the !ow factor in MODEI,6 is due to the fact that 
it contains relatively little mathematical data manipulation. 

GRESS as presently formulated is nearly compatible with FORTRAN-77 standards. 
A recent addition in this directian which aided :he present study significantly is the ability 
to process arrays up to the FORTRAN-77 limit of 7 dimensions. Automated propagation 
of sensitivities between series of programs (such as the modules of the CRESS system) is 
not available at this writing, but is under development. 

‘Typically, the procedure for utilizing GRESS on an existing model requires rnodifica- 
tion of the model’s source code to solve any incompatibility problems that may exist, 
precompiling the model. through GRESS, and then conducting a limited verification of the 
GRESS-enhanced version. This verification involves performing 3 limited sensitivity study 
on the original. model using a parameter perturbation technique, and comparing the result- 
ing response to that calculated using the GKESS-enhanced model. In this case, the 
parameter used for the perturbation analysis was FRACWR( S),  the annual fractional 
replacement rate for residential natural gas equipment in the SOX modeL3 20 sensitivities 
were calculated for national total emissions, one for each of 4 pollutants in each of 5 time 
periods. The same sensitivities were computed by perturbing the value of FRACRR(8) by + 1%. The GRESS- and perturbation-calculated sensitivities varied by less than 2% of 
their values, which represents very good agreement. 

The model outputs examined in this study were the national total pollutant emissions. 
’Thus the sensitivity 

of each of 40 values for Q(tirne,pollutant) (8 time periods X 5 pollutants) is exaniiced 
with respect to various input parameters (B). In the above definition of sensitivity coeffi- 
cient, both (Q) and (P) are normalized with respect to their base values, (Qo) and (Po).  
Many less aggregated outputs are available and could have been examined. ‘4s previously 
mentioned, there are approximately 27,000 output results and subtotals. Combined with 
the number of input parameters used by the model, there is, to say the least, a large 
number of permutations possible. 
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Input items were those dements that control the Q-functions: driver variables, replace- 
ment rates, etc. MODEL6 reads parameters into arrays of varying dimensions. For exam- 
ple, the variable FRACRR (the fractional replacement rate per year for old plluting 
equipment/activities) has 46 components, one for each of the SCCs (Source Category 
Codes) in the SOX section of the model. Another set of parameters, ERATLO from the 
file SNCBFACT (ratios of emission factors for new versus old e~uipmentlactivities), has 
one entry for each of the 49 states in each of the 46 SCCs. 

The influence of a change in any one member of such an array i s  likely to be quite 
small on national totals, and in perturbation studies may be lost in the round-off error 
inherent in the single precision F O R T U N  used in CRESS. Because of inability to com- 
pare GRESS-calculated derivatives with those calculated by perturbation, and again to 
create a tractable number of sensitivities for the study, most of the sensitivities were calcu- 
lated by use of aggregation parameters. In this technique, the computer code is modified 
to multiply each initial definition of a parameter which belongs to the aggregate group by 
an aggregation parameter which has been given ;I value of "1.0", e.g. for a parameter 
array, P: 

A = 1.0 
DO 100 I=1,10 
P(1) = P(I)*A 

100 CONTINUE 

The gradients and sensitivities of the final result are then taken with respect to this 
aggregation parameter. The effect is to detennrne the sensitivities of the results with 
respect to proportional changes in the values of the entire aggregate group. A sample of 
such a modification is shown below. In this example, an array of 12 aggregation parame- 
ters (PRMIDR) is defined, one for each driver variable block. 

Source code modifications which define aggregation parameters: 

COMMON/PRMCOM/PRMIDR( 12) 

DO 80210 IPRM=l ,4  
CALL DEFIYY (PRMIDR(IPRM),l) 

80210 CONTINUE 

DO 70701 IPRM= 1,12 
PRMIDR( IPRM) = I .O 

70701 CONTINUE 

Source code is modified immediately after reading in pollution quantities (TPVxxx : Tons 
per Year): 

14 READ( 17,5,END = 29) STCQDE,SCCNAF,TPYS02,TPYWOX,TPYVOC, 
* TPYTSP,TPYCO 
TPRM = DRIVER(IBL0CK) 
TPYS02 = TPYSQ2*PRMIDR(IPRM) 
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Modification made to capture gradient of interest; inserted immediately after the results of 
interest (TAB(...)) are printed out. This sequence extracts gradient of TAB( ...) with 
respect to PRMIDR( ...) and stores the result in PRMOTJT( ...) for later printing. 

DO 80200 K =  1,NYRSS 
DO 80200 IPWM= 1,4 
CALL GETPYY(TAB(3,l l,lS,K),l,PRMIDB”(IPWM),I,PRMOUT(IPBM,K)) 

80200 CONTINUE 

The subroutines DEFIY Y and GETPY Y are GRESS procedures for defining parame- 
ters and extracting gradients, A list of the actual parameter additions made during analy- 
sis of MODEL6 is showii in Table 3. 

.- 
Table 3. A ~ ~ ~ @ ~ ~ ~ i o ~  Para 

.................... ........... .. 

Parameter MultiDlies Used in 8 as 0 version 

PRMRES(7) 
PRMCMI( 7)  
PRMDRI(4) 
PKMFKR 
PRMERA 
PRMREG 
PWMEFAV 
PRMEXIV 
PRMNEWV 
PRMIDR( 12) 

RESEGYiver) 
CMIEGY 
DR WAR 
FRACRR 
ERATIQ 
GROWTH 
VQCBYR 
VOCBLD 
VOCNEW 
TPYS02, 
. .NOX,. .. __ .................... 

bath 
(driver) 
(driver) 

R 
E 
A 
B 
c 
E 

C/A 

both 
both 
sox 
SOX 
SOX 
voc 
voc 
voc 
both 



5. RESULT§ 

Three groups of sensitivity analyses have been conducte on MODEL6 using GRESS. 
The first group of analyses examines the effect on total projected emissions of the pararne- 
ters of the two Q-functions. The second and third groups study aspects of the sensitivity of 
emission projections to the economic or geographic driver variables and source groupings. 
All the analyses use some degree of aggregation of parameters. 

5.1 SOX MODEL PARAMETERS 

The SOX model (used for all pollutants except VOCs) contains several parameters of 
potential interest. The three that are examined here are FRACRR, ERATIO, and 
GROWTH (the "R", "E", and "A" of the SOX Q-function); the driver variable (€3) wil 
examined later. The cumulative sensitivities of total national emissions (for each of the 
four pollutants in each period) with respect to all elements of these parameter arrays have 
been computed using the parameter aggregation technique. The results are listed in Table 
4 and displayed in Figs. 7 through 9. 

5.1.1 FRtACaR (Fractional Replacement Ratio of Old Equipment) Fig. 7: 

This array contains 46 elements, one for each SCC in the SOX model, most of which 
have a value of 0.02/yr or 0.0222/yr. Since FRACRR is used in the model in a power 
function of (t), its influence grows through time. NOx and SOX emissions are most sensi- 
tive to FRACRR, but even they show sensitivities) of only -0.02 and -0.01 respectively in 
2030. CQ and TSP emissions are much less sensitive to FRACRR, as they are driven pri- 
marily by activities which are projected to remain constant with time (e.g. forest fires). 

5.1.2 GROWTH (That Fraction of New Activity/Equipment Subject to New Emission 
Standards) Fig. 8: 

Sensitivities of emissions to this parameter are fairly small (0 to -0.05) and increase in 
magnitude with time. This is due to increasing contributions with time from new 
equipment/activities. NOx emissions are most sensitive to this parameter, again because a 
relatively larger proportion is driven by sources subject to changed emission factors. 

5.1.3 ERATIO (Ratio of Emission Factors of ActivitylEquipment New to old) Fig. 9 

Sensitivities of emissions to this parameter are small (KO.03) except in the case of NOx 
emissions, where it is as high as 0.29 in 2030. All the sensitivities grow in time due to 
growing contributions from new equipment/activities. NOx emissions are most sensitive to 
this parameter because a relatively larger proportion is driven by sources subject to 
changed emission factors. An examination of the file SNCPFACT, which contains the 
source data for the ERATIO array, reveals that only a small fraction of the source 
categories is projected to have reduced emission factors in  the future. These represent pol- 
lution attributed to subsets of natural gas usage and of commercial coal and oil usage. As 
will be shown later, these categories are the most important drivers of NOx projections, 
but are of lesser importance in driving other pollution projections. 



......... - 

SOX K i n i  s s i o n s  

1980  .. 

1985 -1 14E-03 
1990 - 3  ? 1 F - 0 3  
1995 - 4  07E-03 
LOO0 -'+ 89E-03 
2010 - 6  54E-03 
2020 - 8  19E-03 
2030 - 9  29E-03 

LOX Eiriissions 

1980 .. 

1985 - 4 . 8 5 E - 0 3  
1990 - 8 . 6 3 E - 0 3  
1995 - 1 . 1 2 E - 0 2  
2000 - 1 . 3 4 E - 0 2  
2010 - 1 . 6 6 E - 0 2  
2020 - 1 . 8 4 E - 0 2  
2030 - 1 . 8 7 E - 0 2  

_ _  
5 .  l 9 E - 0 3  

1 ,  54E-02 
1 . 0 2 E - 0 2  

1 . 8 1 E - 0 2  
2 . 0 6 E - 0 2  
2 . 1 3 E - 0 2  
2 . 2 4 E - 0 2  

.. 

- 3 . Y 9 E - 0 3  
- 5 . 7 9 E - 0 3  
- 7 . 9 7 E - 0 3  
- 9 . 1  / E - 0 3  
- 1 . 0 4 E - 0 2  
- 1 ,08E - 0 2  
- 1 . 1 4 E - 0 2  

.. ._ 

4 . 9 0 E - 0 2  - 8 . 2 4 E - 0 3  
1 . 0 0 E - 0 1  - 1 . 6 9 E - 0 2  
1 . 3 6 E - 0 1  - 2 . 2 8 E - 0 2  
1.63E-01 - 2 . 7 3 E - 0 2  
2 . 0 5 E - 0 1  - 3 . 4 5 E - 0 2  
2 . 4 6 E - 0 1  - 4 . 2 0 E - 0 2  
2 . 8 8 E - 0 1  - 4 . 9 5 E - 0 2  

n --Q&XB{ 

- ...... 

Parameter : FKACRR ERATIO GROW'III 

( Q  E 'n:)  (R! (E) ( A )  

CO E m i s s i o n s  

1980  .. 

1985 - 8 . 4 2 E - 0 5  
1990 - 1 .  S 7 E - O h  
1995 - 2 . 1 0 E - 0 4  
2000 - 2 . 4 8 E  
2010 - 2 . 9 2 E - 0 4  
7020 - 3 . 0 8 E  04 
2030 -3.08E-04 

'TSP E m i s s i o n s  

1980 _ _  
1985 - 3 . 3 8 E - 0 4  
1990 - 1 . 3 1 E - 0 3  
1995 - 1 . 7 5 E - 0 3  
2000 - 2 . 0 9 E - 0 3  
2010 - 2 . 5 3 E - 0 3  
2020 - 2 . 7 7 E - 0 3  
2030 - 2 . 8 2 E - 0 3  

_ _  .. 

1.08E-03 - 1 . 4 2 E - 0 ' 4  
2 . 2 1 E - 0 3  -3.07F:-c)I1 
3 . 1 5 E - 0 3  - 4 . 2 3 E - 0 4  
3 .  73E-03 -5.03F:-O'i 
4 . 3  6 E - 0 3 - 6 . 0 6  E - 0 '+ 
4 . 8 6 E - 0 3  - 7 . 1 0 E - 0 4  
5 . 4  S E - 0 3 - 8 . 2  5 E - 0~ 

_ _  _. 

l.lOE-03 - 1 . 1 9 E - 0 3  
2 . 2 6 E  - 0 3  - 1 . 6 9 E - 0 3  
3 . 4 8 E - 0 3  -2.51E-03 
4 . 1 5  E - 0 3 - 2 ,8 8 E - 0 3 
/+. 72E-03 - 2 . 9 9 E - 0 3  
5 . 0 9 E - 0 3  -2.89E-0 '3  
5 . 6 4  E - 0 3 - 2 , 9 4  E - 0 3 

O R N L  DWG NO. 86-18136 
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Fig. 9. Sensitivity of national total emissions to aggregated parameter for ERATIO (ratio of emis- 
sion factors - new:old). 



The m c t h d  of calculating noriildir;d sensitivities may conccal iniprtar~t parameters 
far certain data valces. This is thc case in the above cnlculatiaris. The riwthcd used in the 
input data to "switch off' use; of a new eni&.c.w factor, namely setting (A) to zero, renders 
the results insensitive to (E) and (Fo) for many of the entries. For sniy a very few SCCs 
are actual reductions in cmission factors prcscnt in the data, Thus tbs sensitivity 

will be very small, as most tams  in the; sasmmation have "A" set to zero. A modification 
was made %S MODEL6 to investigate the effect of this paitter?t sf data. For those SCCS 
which would ordinarily use a value of ( A = O )  in combination with (E==l) ,  the value of 
(A) was altered to be equal to one. Inspection of the SOX Q-furactkm shows either ccambi- 
nation should yield the S a m  result; the calculated sensitivities, however, are significantly 
different. The altered sensitivity rcsults for tot41 emissions with respect to the ERATIO 
aggregation parameter are listed in Table 5 and displayed in Fig. 10. For SOX, g38, and 
TSP ~ X I ~ S S ~ Q ~ S ,  the sensitivities all have increased by an order of magnitude; the NOx sen- 
sitivity also increased, but was fairly largs: already. '411 the ERATI(3 sensitivities grow 
with time tcs be in the realm of 0.1 to 0.5. This indicates that, contrary to the initial sensi- 
tivity calculations, the emission factor ratio will be fairly important when more compllete 
data is available. 

SOX Eini  ssions 

1980 
1985 
1990 
1 9 9 5  
2000 
2010 
2020 
2030 

._ 

-2 .37E-03 
- 5 , 4 6 8 - 0 3  
-6 .91E-03 
-8 .31E-03 
- 1 . l l E - 0 2  
-1 .38E-02 
-1 .57E-02 

NOx Emissions 

1980 .- 

1985 - 4 . 8 5 6 - 0 3  
1990 - 8 . 6 3 E - 0 3  
1995 -1 .12E-02 
2000 -1 .34E-02 
2010 -1.66E-02 
2020 -1 .84E-02 
2030 -1 .87E-02 

._ _. 

1 . 0 6 E - 0 1  -9 .65E-03 
7.34E-01 -1 .17E-02 
3.35E-01 -1 .42E-02 
3 . 8 6 E - 0 1  -1 .57E-02 
4 . 3 8 6 - 0 1  -1 .75E-02 
4 .66E-01 -1 .87E-02 
5 .02E-01 -1 .99E-02 

_. _ _  
8.5LE-02 -8 .24E-03 
1 .87E-01 -1 .69E-02 
2 .626-01  -2 .28E-02 
3.09E-01 -2 .73E-02 
3.69E-01 -3 .458-02  
4 .18E-01 -&.20E-02 
4 .67E-01 -4 .95E-02 

CO Emissions 

1980 _ _  
1985 -8 .42E-05 
1990 -1 .57E-04 
1995 -2 .10E-04 
2000 -2 .48E-04 
2010 - 2 . 9 2 8 - 0 4  
2020 -3 .08E-04 
2030 -3 .08E-04 

TSP Emissions 

1980 .. 

1985 - 5.75E-04 
1990 - 1 . 7 5 E - 0 3  
1995 -2 .34E-03 
2000 -2 .79E-03 
2010 -3 .37E-03 
2020 -3 .68E-03 
2030 -3 .74E-03 

_ _  _. 

4.85E-02 -1.42E-04 
8 . 3  3E - 02  - 3.07E - 04 
1 . l l E - 0 1  -4 .23E-04 
1 .36E-01 -5.03E-04 
1 .85E-01 -6 .06E-04 
2 .18E-01 -7.10E-04 
2 .40E-01 -8 .25E-04 

.. _ _  
4.75E-02 -2 .25E-03 
8.49E-02 -2 .85E-03 
1 . 1 6 E - 0 1  -3 .74E-03 
1. l12E-01 -4 .13E-03 
1 .89E-01 -4.2E-03 
2.21E-01 -4 .14E-03 
2.43E-01 -4 .18E-03 

 these r e s u l t s  are the result of modifying entries for which "A-0, E=l" to " A = l ,  E = l "  
in order t o  highlight sensitivity to pollution ratio E ,  even when it didn't change 
from the 1980 rate. 
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5.2 VOC MODEL PARAMETERS 

The VOC ~nocle: is structured somewhat differently, and thus its controlling parameters 
have a different meaning froin those previously discussed. As before, the parameters con- 
trolling the emission quantity projections were treated by the aggregation technique 
described earlier, and sensitivity of national total emissions of VOCs is examined with 
respect to all clements of the arrays VOCBYR, '70C9LL), and YOCNEW. The sensi- 
tivity with respect to the driver variable will be examined separately. Sensitivities are listed 
in Table 6 and displayed in  Fig. 11. 

VOCOLD values are read from a series of files (one for each period) nanncd 
V0C1985.DL4T, VOC 1990.DAT, etc. These values are the pollution factors for old 
equipmentlactivities as well as replacement of such equipment. VOCNEiW values are 
read from if similar series of files named VCN1985.DAT, etc. These valucs are pollution 
factors for additional ca,uipment/activities. VOCBYR values are base year valves far 
these parameters and come from file VOC1980.DAT. 

The sensitivity of VOC emissions to VOCOLD represents the relative contribution 
made by old and replacement sources. It begins near 1.0 and declines with time to about 
80% of its initial value. The sensitivity of emissions with respect to VOCNEW, which 
represents the relative contribution made by new equipment, conversely grows to about 
0.20. The sum of these two sensitivities is (not very profoundly) equa? to the negative of 
the sensitivity of the denominator of their factor in the VOC Q- function, which is VOC- 
BYR. Using Equation 2 and defining aggregation parameters Pe and Pc (both equal to 
1.0) for E and C, VOC emissions are given by 

Q = 2 --(DEP, A 1- CP,) 
Sources B 

so the gradients with respect to Pe and P, are 

Since Pe and Pc are equal to 1 ,  

(4) 

The cquivalent statement for normalized scnsitivities is that their sum should be equal 
to one. Imposition of boundary conditions could reduce this value slightly, but as i s  evi- 
dent from Fig. l l ,  this doesn't occiir to an appreciable degree. A similar analysis would 
indicate that the emission sensitivity with respect to VOCBYW should be equal to -1. 
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'The forniulation of the Q-function for VO@ emissions makes it difricult to examinc 
serxsitivity of emissions to changes in pollution factors, since much of the change (or lack 
thereof) is combined into data outside of CRESS (into the imay V0COL.D). An e x m i -  
nation of sev~ral of thc VCSCxxxx and VCNxxxx files suggests that most of the pollution 
factors contained in the present data are riot projected to change. 

5.3 SENSITIVITIES 'ro DRIVER VARIABLES 

Each category of pollution SQUiCC projects future changes in emission levels through 
use of a driver variable. It is explicitly assumed that the activity which results in emission 
from that source will change in a manner directly proportional to the selected driver vari- 
able. Actual emission levels depend on both the activity and the other factors enumerated 
above. The driver variables are derived from parameters CMIEGY (an array of comnier- 
cia1 fuel usage projections dimensioned with 39 states, 8 periods, and 7 fuels), RESEGY 
(an array similar to CMIEGY, hut for residential sources), and DRIVAR (an array of 
geographic projections for 49 states, 8 periods, a i d  4 indices). The four indices of 
DRHVAR are total population, rural population, forest acreage, and gasoline sales. The 
precise categories these represent are listed in Table 7 as column headings. These driver 
variable values comprise the only information passed to MODEL6 from the previous 
modules (e.g. HOME2, CSEM2 ....) of CRESS. 

The sensitivity for a particular driver parameter is, due to tke linear nature of its use in 
the Q-functions, proportional to the contribution made to total emission by sources driven 
by that parameter. Sensitivities calculated here are to the driver parameters read into the 
arrays RESEGY, CMIEGY and DRIVAR rather than to the actual driver variable 
derived for the two Q-functions (i.e. "B" in Equation 1 and "D" in equation 2). For the 
SOX Q-function, the normalized sensitivity of total emissions to the driver (Dn) for a par- 
ticular source (n) is : 

c y -  Dn ( 1  - A ( I E ) )  (8) 

. . . . . . . . .-.. .. . . . . . . . . . . 
Sourcc(n) e>"( 80) 

- .  . . .. ...... . . . . ... . . . - d Q  Dn 

aDn Q 
__ -- 

1 -- A( 1 -E)] C FoA( 1 -E)' 
Sources D('S0) 

For nearly all sources, the term (.a( 1-E)) in the current data set is zero, so the normal- 
ized sensitivity is approximately equal to the fractional share of the pollution driven by 
source (n),  namely: 

Sources 

Because the sensitivities of driver variables resemble shares of total pollution, the 
results plotted in the remaining graphs are displayed in stacked-bar format in ordcr to 
illustrate both the individual and collective sensitivities. In Figs. 12 to 14,  the sensitivity of 
cmission to a particular driver variable is given by the height of its portion of the bar; its 
position on the stacked bar i s  irrelevant, 



Table 7. Sensitivities of National Pollution Totals with Respect to 
Driver Variable Arrays (DRIVAR, RESEGY, and CMIEGY)* 

Garolina Total Rural Forest Coal Resid. fiistil. Mat, 
A i  ea Oil Gas 

Wood E i e c t r .  Coal Resid. D i s t i l .  N a t ,  t P 6  
Oil liii Eas 

;\Sensitivities identically equal to zero are indieaced by dashes ( - - ) .  
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Fig. 12. Sensitivities of SOX national total emission to driver variable input pameters (ESEGY, 
CMIEGY, and DRIVAR). 
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Fig. 13. Sensitivities of NOx nathal  total ernimbu to driver variable input parameters (RESEGY, 
CMIEGY, and DRPVAR). 
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Fig. 16. Seasitivities u f VOC national totall emission to driver variable input parameters (RESEGY, 
CMIEGY, and DRIYAR). 

The SOX module uses driver parameters differently from the VOC module, as has been 
described previously, but the intent and effect is similar. The aggregation parameter tech- 
nique was used on the driver variables to examine combined sensitivities to emissions at the 
national level. Thus 18 sensitivities were calculated (7 for each of the RESEGY and 
CMIEGY fuel types and 4 for the DRIVAR variables) for each of the 5 pollutants in each 
of the 8 model periods. 

The sensitivity of the national emission totals to the driver variables are listed in Table 
7 and displayed in Figs. 12 through 16. In Table 7, sensitivities which were found to be 
equal to zero are portrayed with dashes ( -- ). These are: 

1. All 1980 results -- these are directly read in as data and not projected using driver 
variables. 

2. Electric energy use: 'This data is read in but never referred to by any source block or 
code. Presumably pollution due to electric power generation is credited to a utility 
sector 

3. Residential Residual Oil use: This driver parameter is "zero" in the file VQCDATAI. 

4. Commercial Wood use: This driver parameter is "zero" in the file VOCDATAI. 
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5.  Residential LPG me: Iii VOC1980 and similar files, all sources refwring to LPC are 
attributed to the commercial sector. While there are resider~tial TPG projections in 
the driver parameter file VOCDATtal, these values are never referred to in MO11EI.4. 

6. SOX, NOx, TSP, CO vs. gasolirie sales: A chcclc of the somce data baw (POINT and 
AREA) revealed that those source codes corresponding to gasoline sales listed only 
VOC pollution. 

All of the other driver parameters bad at least a moderate influence on one or more 
pollutants ( i s .  above a few percent) with the exception sf commercial LPG use. Its max- 
imum sensitivity to any pollutant total was 0.0001. 

A second general observation is that the emission projections do not change very much 
over time. This seems to be inherent in the data (both the driver projections and itn the 
relatively unchanging nature of other parameters, such as polllitinn factors). 

SOX emission projections (Fig. 12) are driven largely by commercial oil and coal usage. 
Residential oil usage also contributes moderately to SOX projections; other variables make 
only relatively small contributions. 

NOx emissions (Fig. 13) are driven by a more diverse mixtiire of parameters, with 
approximately equal contributions from commercial energy use, residential energy use, and 
geographic parameters. 

CO and TSP emissions (Figs. 14 arid 15) exhibit similar patterns of sensitivity, being 
driven priniarily by geographic variables (mainly forest acreage), with a moderate 
contribution from residential wood usage, and only small contributions from other sources. 

VOC emissions (Fig. 16) are driven almost exclusively by geographic projections, the 
most important of which is total population. It is  he only pollutant to utilize the gasoline 
sales projections as a driver, and this contributes only minimally to total emissions (ca 
5%).  

5.4 SENSPrIVITIES TO SOURCE DRIVER BLOCKS 

Ai1 aggregation parameter was defined for the hase year emission quantities (e.g. vari- 
ables TPYS02, TPYNOX, etc.) belonging to each of the 12 driver blocks into which the 
SCCs are subdivided. These 12 driver blocks are listed as coliiinn headings in Table 8. 
The sensitivities of total emissions with respect to these parameters were calculated. The 
resulting sensitivities represent the share of total emission due to each driver block. 

Detailed results are listed in Table 8 and displayed in Figs. 17 through 21. 'These 
results show the rclativc contribution to the model output of various driver variables/€uel 
sources. As such, the sensitivities displayed are very similar to those for the driver vari- 
ables themselves, discussed in the previous section. In this case, the rcsidential fuel usage 
contributions are combined with the corresponding commercial/institutionali usage. 'The 
mathematical difference between these sensitivities and those of thc previous discussion is 
that the previous sensitivities are reduced by effects of pollution abatement. Overall this 
reduction is very slight, as was also evident in the determination of sensitivities to EMA- 
TIO. As before, 110 dramatic changes in distribution are projected through time for any of 
the significant contributors to emission. 
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Fig. 17. Sensitivities of Sox national total emission to source quantities categorized by driver 
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Fig. 18. Sensitivities of NOx nationat total emission to source quantities categorized by driver 
block. 
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Fig. 21. Seositivities of VOC national total emission Uo source quantities categorized by driver 
block. 

SOX emission sensitivities are displayed in Fig. 17. SOX emissions are driven primarily 
Other driver blocks by residual and distillate oil usage, and secondarily by coal usage. 

contribute only slightly. 

NOx emissions, displayed in Fig. 18, are driven with approximately equal contribution 
by natural gas usage, distillate/residual oil usage, and geographic driver blocks (primarily 
forest acreage). 

CO and TSP projections (Figs. 19 and 20) have similar patterns of source contribu- 
tions. About 80% of the contribution of each of these is driven by geographic projections, 
the largest fraction of which is forest acreage. Wood usage (which is entirely residential) 
forms a secondary contribution to C 8  and TSP results; other blocks (e .g .  coal and oil 
usage) make only minor contributions. 

For VOC emissions (Fig. 21), the primary determinant (ca. 2/3) is attributed to popu- 
lation and over 90% to the combined geographic driver blocks (population, rural ppula-  
tion, and forest acreage). VOC emission projections are the only ones that use the projec- 
tions of gasoline sales, and these make only a small (ca 5%)  contribution to VOC emission 
projections. The other fuel usage parameters have essentially no influence on the calcu- 
lated VOC emissions. 
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6. CBNGLILISIONS 

Sensitivity analysis of the MODEL6 component of CRESS has been carried out with 
the aid of an automated sensitivity analysis tool, GRESS. MODEL6 is a computationally 
straightforward, linear model. Sensitivity analysis results thus tend plot to be particularly 
surprising or revealing. The automated analysis did, however, assist in examining and 
aggregating the massive quantities of data processed by the model, and in verifying that 
potential counter-intuitive behavior was not, in fact, taking place. A sensitivity analysis 
can't, unaided, verify the validity of a model or its input data. This report i s  not a 
comprehensive review of MODEL6. 

Within the framework of the model design, sensitivities computed have identified the 
important contributors to projected emissions. Much of this is equivalent to identification 
of important contributors to subtotals. There are only a few classes of what would 
ordinarily be regarded as model parameters within MQDEL6. Many of the potentially 
interesting relationships are implicit in the input data to MODEL6 Some such relation- 
ships may be created within other modules of CRESS, and thus will be examined in later 
work, but many potentially sensitive parameters (e.g. population growth rates) are implicit 
in data imported into the CRESS system as a whole. 

Driver variables are the only information imported to MQDELS from the earlier 
modules of CRESS. Sensitivities of emissions to driver variables approximate the shares of 
emission driven by a particular driver parameter. These sensitivities will be useful in pro- 
pagating sensitivity of parameters in HOME2 and CSEMZ through to emission projections 
made by MQDEL6. 

If simplification of either the model or data files is desired, the results of the analyses 
presented here indicate those elements which are more expendable. It is not clear that 
there is much to be gained by such a step (the model runs fairly quickly as is), but some 
possibilities are: 

1. VOC emission is already calculated by a separate model. Most of the driver data (the 
14 x 49 fuel usage arrays CMIEGY and RESEGY) have virtually no influence on 
VOC results, and could be dropped from the VOC part of the model in favor of a 
more general parameter such as population. 

2. The VOC model reads in a very large number of data elements to reflect changes in 
VOC emission factors, but only a relatively small proportion contains actual changes. 
For example, between 1980 and 1990, the only emission factor changes in the 
VOCOLD files are for emissions due to "dry .I cleaning" related categories. The data 
files could be simplified if there is no intent to update input parameters. 

3. In both VOC and SOX models, certain categories of input parameters are unused and 
presumably could be dropped. For example, energy usage due to electricity, residen- 
tial LPG, and commercial wood usage are not used by the model. 

Again, these changes are not necessary, and may even be undesirable from the stand- 
point of completeness or cost effectiveness of such a change. 
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Some low values for sensitivities may be the result of incomplete data rather than 
mathematical insensitivity. Emission factor variables in the model equations shouldn’t be 
discarded just because their computed sensitivity for this reference case has proven io be 
small. In the SOX model, most of the potential sensitivity of the emission factor ratio (E), 
the equipment replacement rate (W) and the fraction subject to new emission levels (A) is 
erased by choice of the value (A=O) for those categories where no change in emission fac- 
tors is anticipated. Should the data be updated, these parameters could become much more 
important than they are at present. In addition, projected emission factors for the future 
are likely to be fairly uncertain, The letter describing the model [Ref 11 implies that the 
projected emission factors are equal to projected regulatory mandates. Cases could be 
made for actual emission factors being either higher or lower than those anticipated. 

Only a highly aggregated subset of the model results have been examined in this 
analysis. Some may be indi- 
cated by analysis of the earlier modules in CRESS (which create the Driver variable 
arrays); if so further analysis may be conducted on MODEL6 at that time. 

Many alternative sensitivities could have been examined. 
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