Appendix A

EEA% Methodology to Calculate Fuel Economy Benefits of
the Use of Multiple Technologies

OVERVIEW

Fuel economy behavior of avehicle is depend-
ent not only on individual technologies employed,
but also on how they are applied and, to some
extent, on what technologies are present smulta-
neously. In the EEA methodology, the fuel econo-
my benefit due to technology changes in a given
automobile is aways caculated holding vehicle
Size, as measured by interior volume, and vehicle
performance constant. The second term is more
complex to define; but each technology that af -
fects horsepower or torque of the engine or weight
of the vehicle is examined in detail, and appropri-
ate tradeoffs to measure fuel economy benefit on

a constant performance basis are identified and
defined.

Individual technology benefits are defined rel-
ative to a base technology and are expressed as
percent benefits to fuel economy. If the technolo-
gy represents a change to a continuous variable
(e.g., weight), the impact of a specific percent
change in the variable (e.g., 10) on fuel economy is
estimated. If the technology represents a discrete
technology, the percent benefit for that technolo-
g is defined relative to replacing abase technolo-
ay (e.g., four-valve engine replacing a two-valve
engine), holding the size and performance pa-
rameters constant. Table A-1 provides a list of
technologies discussed in this report and the

Table A-1 —Technology Definitions

Technology

Definition

Front-wheel Drive

.............................. Benefits include weight reduction and engine size reduction starting from a late

1970’s rearwheel drive vintage design

Drag Reduction |
Drag Reduction Il

Torque Converter Lock-up

.............................. Based on C,decreasing from 0.375 in 1987 to 0.335 in 1995, on average'
.............................. Based on C,decreasing from 0.335 to 0.30 in 2001, on average'
...................... Lock-up in gear 2-3-4 compared to open converter

Four-speed Auto Transmission ................... Three-speed automatic transmission at same performance level

Electronic Transmission Control

.................. Over hydraulic system, with electronic control of shift schedule and lock-up of

torque converter

Accessory Improvements
baseline
Lubricants (5W-30)

Overhead Camshaft

....................... Improvements to power steering pump, alternator, and water pump over 1987

............................ Over 10W-40 oil
............................ OHV engine of 44-45 bhp/liter replaced by OHC engine of 50-52 bhp/liter but

with smaller displacement for constant performance

Roller Cam Followers

Low-friction Pistons/Rings

........................... Over sliding contact follower

....................... Over 1987 base (except for select engines already incorporating improvement)

Throttle-body Fuel Injection . ..................... Over carburetor (includes air pump elimination effect)

Multipoint Fuel Injection

......................... Over carburetor; includes effect of tuned intake manifold, sequential injection

and reduced axle ratio for constant performance

Four-Valve Engine (OHC/DOHC)

................. Over two-valve OHC engine of equal performance; includes effect of

displacement reduction and compression ratio increase from 9.0 to 10.0

........................................ Over 1987 tires, due to improved construction

............................ Lift and phase control for intake valves; includes effect of engine downsizing to

maintain constant performance

.................... Includes composite connecting rod, titanium valve springs, light-weight

reciprocating components

"To exploitthe benefits of drag reduction, the top gear must have a lower (numerical) ratio to account for the reduced aerodynamic horsepower requirement.
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baseline technology against which benefits are
measured.

Of course, no technology will be used in isola-
tion, and synergistic and non-additive constraints
must be recognized: engineering analysis is used
to identify technologies that simultaneously con-
tribute to reduction of the same source of energy
loss and quantify the loss of total benefit when
both technologies are used in the same vehicle;
and the sum of market penetration of two non-ad-
ditive technologies is not allowed to exceed 100
percent, since both technologies cannot be pres-
ent in the same car.

The computational methodology uses a linear
form of the exact engineering egquation. Although
the method is an approximation to simplify calcu-
lations, it yields results that have historically been
accurate to 0.2 mpg. In projecting a maximum
technology boundary case for the post-2000 time-
frame, it is believed that these approximations
could cause larger errors and a more rigorous
engineering model is required. The current model
is described below.

ENGINEERING MODEL

The model follows the work of Sovran (1,2) who
produced a detailed analysis of tractive energy
requirements on the EPA fuel economy test
schedule (i.e., the city cycle and the highway
cycle). Each driving cycle specifies speed as a
function of time. The force required to move the
vehicle over the driving cycle is easily derived
from Newton’s laws of motion:

F = M(dv/dt) + R + D

where F is the force required

M is the vehicle mass

dv/dt is the acceleration rate

R is the tire rolling resistance

D isthe drag force

From the knowledge of physics, it can be shown
that

F = M(dv/dt) + gMC.V + C,ApVi/2 (1)

where C,is the tire rolling resistance coefficient

CD is the drag coefficient

gandp are the gravitational acceleration and
ar density respectively

\ is the vehicle speed

A is the vehicle cross-sectional area

Over the fuel economy test, V is specified as V(t),
and the energy required E is the integral of

FAS=FV dt

where S is the distance traveled.

In the car, energy is provided only when F is
greater than zero, while energy during decelera-
tion is simply lost to the brakes. Taking these
factors into account, Sovran and Bohn (2) showed
that energy per unit distance

ES=oMC,+ BRCA +3M (2

where 8, 3, and d are constants virtually inde-
pendent of vehicle characteristics, but differ for
city and highway cycles. In essence, each term
represents one component of the total force: the
first term represents E,the energy to overcome
tire rolling resistance, the second represents E,
the energy to overcome aerodynamic drag, and
the third represents Ex kinetic energy of acceler-
ation. In the absence of acceleration (during
steady speeds) E, is zero. Figure A-1 shows the
drag and the rolling resistance forces for atypical
car at steady cruise, as well as the driveline loss
described below.

Sovran (1) also related tractive energy to fuel
consumption by adding the work required to
drive accessories and the energy wasted by the
engine during idle and braking. He defined the
average engine brake specific fuel consumption
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Figure A-1 -Vehicle Resistance in Coastdown Test
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SOURCE: Energy & Environmental Analysts, Inc., 1991

over the test cycle as bsfc, and derived the follow-
ing equation for the total fuel consumption over
the test cycle:

FC = bsfc/n,x [E,+ E,+ E/]
+ bsfc E,.+ G (t+ th) (3)

where n,is the drivetrain efficiency

E,. isthe accessory energy consumption

G, istheidle fuel consumption rate

t,t, is the time at idle and braking in the
test cycle

The above equation shows that reductionsin
rolling resistance, mass, drag and accessory
energy consumption, and idle fuel consumption
cause additive reductions in fuel consumption.

The engine output energy is supplied to match
the tractive energy requirements. If total energy
required is defined as

E=1/nx [E,+ E.,+ E] + E,.(4)

then E=BHP Xt
where BHP is engine power output.

Engine output power can be further decom-
posed to provide explicit recognition of engine
internal losses. There are no conventions regard-
ing the nomenclature of such losses. In general,
the engine has two types of losses: one arising
from the thermodynamic efficiency of combus-
tion and heat recovery, and the second due to
friction, both mechanica and aerodynamic.
Aerodynamic friction is more usualy referred to
as pumping loss." A third component that is
sometimes excluded from the engine efficiency
equation is the power required to drive some
internal accessories such as the oil pump and the
distributor. Items such as the water pump, alter-
nator, and fan are usualy (though not always)
classified under accessory power requirements.
In this anaysis, power for al accessories—both
internal and external-is classified under acces-
sory power requirements, and the following rela-
tionship holds:

BHP = IHP (1 - P - F,) (5)

Where IHP is power generated by the positive
pressure in the cylinder

P is the pumping-loss fraction
F. is the mechanical-friction-loss
fraction

Since fuel consumption can be written as

FC=bsfc X BHP X t =isfc X IHP X t
where isfc is the indicated specific fuel consump-

tion, that is, the fuel consumed per unit of horse-
power prior to engine losses:

bsfc= isfc / @-p-F) (6)

We distinguish between throttling Joss and pumping loss, using the Tatter term to include both throttling loss and frictional 10sses n the exhaust™

and intake system.
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Substituting equation (6) into (3) we obtain

F Cisfc/[n(l-p-FR)] x [E.+ E, + Ex
+ n,Eacl + G[t+ t] (7)

Theisfcisprincipally afunction of combustion
chamber design and compression ratio of the
engine, and to alesser degree, the air/fuel ratio.
Since nearly al cars operate at stoichiometry, the
air/fuel ratio is currently not a factor but could
become one if “lean-burn” concepts are utilized.

Pumping losses are dependent principally on
the relative load of the engine over the cycle. The
larger the engine for a given car weight, the lower
the load factor and the higher the pumping loss
due to throttling. Pumping losses are aso in-
curred in the intake and exhaust manifolds and
valve orifice. Use of tuned intake and exhaust
manifolds and a greater valve area (e.g., by utiliz-
ing four valves/cylinder) reduce pumping losses.
L osses other than throttling loss are not unimpor-
tant in the contribution to overall pumping loss.

Engine mechanica friction is associated with
the valve train losses, piston and connecting rod
friction, as well as the crankshaft friction. At low
rpm, valve train friction is quite a large percent-
age of total friction, but decreases at higher rpm,
while piston and connecting rod friction in-
creases rapidly with increasing rpm. Total engine
friction increases nonlinearly with engine rpm.

Idle fuel consumption is also affected by
changes in engine parameters. At idle, al fuel
energy goes into driving the accessories and over-
coming pumping and friction loss, since there is
no output energy requirement. Hence, decreases
in pumping loss or mechanical friction result in a
much larger percentage reduction in fuel con-
sumption at idle than at load.

Mitsubishi provided data on general compo-
nents of engine friction (figure A-2). The pump-
ing loss shown here is due to internal airflow and
not due to throttling. At closed throttle, idle
pumping loss is approximately equa to frictional
loss.

Figure A-2-Proportion of Engine Friction Due to
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Equation (7) aso shows the general structure
of the calculation procedure. A simple differenti-
ation of (7) yields:

dFC . d(isfc) P P F
FC isc "I‘PF P CI-PF
d_Fr + EA
“F E.+ Ex+ E+ nE,.E,
OE L ®)
LA

where each derivative is expressed as a percent-
age change. Thus, a one-percent change in isfc
trandates into a one-percent change in fuel econ-
omy, but a one-percent change in pumping loss
must be weighted by the fraction that pumping
loss is of total output energy. Similarly, aerody-
namic tractive energy change must be weighted
by the fraction that aerodynamic energy loss is of
total tractive energy.

Two observations are required at this point.
First, equation (8) assumes the vehicle can be
reoptimized for any change, so that engine vari-
ables are not affected by tractive energy require-
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ments. Sovran points out this is not always possi-
ble. For example, aerodynamic losses are near
zero a low speed but high at high speed. Hence,
an engine cannot be simply downsized as aerody-
namic loss is reduced, since the smaller engine
will not have enough power at low speed. A higher
gear must be added along with engine downsizing
to achieve a correct compromise. In theory, it is
possible to reoptimize the entire drivetrain, but in
practice compromises cause significant losses in
fuel economy from the attainable maximum. In
the long run, as for 2010, some factors can indeed
be optimized to yield the full predicted value,
while other factors cannot. For example, it ap-
pears that predicted fuel savings related to fric-
tion-loss reduction are unlikely to be obtained as
the engine cannot be downsized to the point
where low-speed torque is compromised. On the
other hand, rolling resistance decreases may pro-
vide the predicted fuel savings, as their effect is
felt uniformly throughout the speed range.

CALCULATION PROCEDURE

Methods to increase fuel economy (reduce fuel
consumption) must rely on reduction of energy
contributed by each of the terms shown in equa

tion (7). Equation (8) is useful if the changein
factors is small, but not applicable for large
changes. Focusing on the terms in equation (7), it
is easily seen that fuel consumption is decreased
by:

« decreasing friction and pumping loss,

. decreasing weight;

. decreasing drag;

« decreasing rolling resistance;

. decreasing accessory power consumption;
or

. decreasing idle fuel consumption.

Of course, a given technology can act on more
than one of these factors simultaneously. Table
A-2 shows the relationshi ps between individual
technologies and the terms listed in equation (7).
Drivetrain efficiency, n,, is not the major factor
in the benefits associated with multispeed trans-
missions; rather, the reduction in pumping and
frictional losses are the biggest factor. It should
also be noted that all engine improvements affect
idle fuel consumption, so that idle consumption
can be assumed to follow the same trends as bsfc,
alowing equation (8) to be rewritten as

Table A-2-Technology/Energy Use Relationship

isfc P

F1

E, E, E,

Weight reduction

Drag reduction

Four-speed automatic !
TCLU

Electronic trans control !
Accessory improvements

Tire improvement

5W-30 oil

Overhead cam ! !
Roller cam followers

Low-friction piston/rings

Fuel injection ! !
Four-valves/cylinder ! !
Intake valve control !
Five-speed automatic !
Electric power steering
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FC = isfc x [E.+ E,+ Ex
+ n,(Eac + E)]/{n,J[1 P FRr]} (9)

where Elis an “equivalent” energy at idle to drive
the accessories and torque converter. E,is simply
amathematical artifact to make the analysis sm-
pler for forecasting.

The relationship between fuel consumption
and vehicle variables can be derived from equa-
tion (7) in exact terms if the coefficients are eval-
uated for the urban and highway driving cycles. In
fact, Sovran utilized a detailed evaluation of these
cycles to derive the sensitivity of fuel consump-
tion to vehicle weight, aerodynamic drag, and tire
rolling resistance coefficient. The general charac-
teristics of the two cycles are shown in table A-3.
One striking factor is that nearly 41 percent of
urban time is spent in deceleration or at idle. In
comparison, less than 10 percent of the time on
the highway cycleis spent in braking or at idle.
This difference, coupled with the different speeds
and average acceleration rates in each cycle, leads
to substantially different sensitivities between the
two cycles.

In order to evaluate sensitivity of fuel con-
sumption to changes in vehicle parameters, infor-
mation is required on fuel consumption at idle
and braking as well as fuel consumed by driving
accessory loads. Sovran utilized data on 1979-80
GM cars and found that idle and braking fuel
consumption was proportional to engine size. As
an approximation, he assumed idle plus braking
consumption to be a constant percentage of total
fuel consumed and estimated this percentage at
16 for the urban and 2 for the highway cycle. He
utilized a similar assumption for the accessory
fuel consumption percentage, holding it constant

Table A-3—-Fuel Economy Cycle Characteristics

urban  Highway

Average speed (km/h) .. ... .. ... 38.4 77.60
Maximum speed (kmHh ............ 915 96.80
Distance (km)..................... 12.0 16.50
Timeatidle(s) .................... 249.0 3.00
Time of braking (s) . .. ............. 311.0 57.00
Total time for cycle (S) . ...ccccceeees 1,373.0 765.00
Percent of time at idle and braking . . .. 40.8 7.84

at 10 and 9 respectively. Thisis equivalent to the
approach in equation(9) where the term [EAc +
E,] bsfc is replaced by a constant percentage of
FC. Utilizing these assumptions, he derived sen-
sitivity coefficients that were dependent on the
drag-to-mass ratio and the rolling resistance co-
efficient. Using typical values for the average
1988 car, with amass of 1400 kg (3,100 Ib), C, of
0.37, frontal area of 1.9 m*, and C,of 0.01, the
fuel consumption sensitivity coefficients are as
follows:

0 (for Cb) = 0.28
3 (for Weight) = 0.54
o (for Cr) = 024

The weight reduction sensitivity coefficient above
does not incorporate the effect of engine downsiz-
ing, which reduces idle/braking fuel consumption
proportionally. The coefficients assume that the
engine and drivetrain are adjusted to provide
constant bsfc (a factor which may not be realized
in practice) but do not account for engine down-
sizing. Second, the constants are dependent to a
certain extent on the assumptions for the fraction
of fuel consumed at idle plus braking, and by
accessory power demands (the smaller these frac-
tions, the larger the sensitivity coefficients).

Table A-4 provides a summary of the values of
sensitivity coefficients attained in actual practice
as opposed to estimates derived purely from
equation (8). In the application of these coeffi-
cients, it should be recognized that they can be

Table A-4-Estimated Fuel Consumption Sensitivity
Coefficients (Percent reduction in fuel consumption per
percent reduction in independent variable)

Fuel

Consumption Fuel Economy
Variable Sensitivity Sensitivity
Weight reduction ... ..... 0.62(0.54) 0.66
Drag reduction (CD) . . . . . 0.22 0.23
Crreduction ........... 0.23 0.24
Thermal efficiency . . ... .. 1.00 1.00
Pumpingloss........... 0.23 0.24
Frictionloss ............ 0.23 0.24
Drivetrain efficiency . ... .. 0.78 0.81
Accessory power ........ 0.10 0.11

'0.62 Includes proportional reduction of displacement, 0.54 assumes constant dis-
placement.
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used only for modest variations for any variables
involved.

When large reductions of any variable are
likely to occur, the preferred form of analysisisto
use equation (' 7) with a“dlippage” factor to ac-
count for benefits that cannot be attained in
actua practice for some variables of concern.

The methodology used to calculate the fuel
economy benefit due to the application of any set
of technologies to the automobile is as follows.
First, the technology set is examined to identify
which energy-use factors are affected and areas
of overlap are examined for synergy. Second, the
net reduction in each specific energy-use area is
estimated and the benefits to fuel consumption
calculated with equation (8). In general, synergies
occur primarily in pumping loss reduction, with
smaller synergies in the area of friction reduction.

FORECASTING METHODOLOGY

The theoretical concepts behind the forecast
have been explained through the engineering
equations. The exact method of forecasting fuel
economy involves the following sequence of steps:

® defining a baseline;
e identifying available technology;

® adopting technology at the proper level of
market penetration; and

® caculating fuel economy after adoption of
technology.

The analysis can be performed at the model-spe-
cific level (such as Ford Escort or Chevrolet Ca
price) or at a more aggregate market class level,
where vehicles within a market class are very
similar in size, performance, and option levels.

All the analyses begin by defining a baseline of
vehicle technology and fuel economy derived
from actual data. For example, the choice of the
1988 Ford Escort as the baseline requires identifi-
cation of all vehicle characteristics such as
weight, drag coefficient, engine size and power,
types of transmissions, acceleration perform-

ance, type of fuel system, etc. as well as the actual
EPA composite fuel economy rating for 1988. If
the analysis is at a market class level, these char-
acteristics are averaged across all modelsin the
given year, and discrete technologies such as
fourspeed automatic transmissions are described
by their market share within the class.

Once baseline technologies are detailed, avail-
able technologies are identified along with the
potential availability dates. In the short term,
most technologies available for improvement are
dictated by the product plan for a particular
model, and these are tracked through articlesin
the trade press. For the longer term, EEA selects
available technologies based on both product
lifecycle of the model as well as technology readi-
ness. Continuing with the Ford Escort as the
example, its product lifecycle is eight to nine years
and a new design was introduced in 1990. This
implies that major changes can be made when the
next model is introduced in 1998-99.

Technology readiness is based on EEA’s deter-
mination of when a technology is likely to be
broadly adopted in the marketplace. For exam-
ple, we expected that four-valve-per-cylinder
technology could be broadly adopted by domestic
manufacturers in the 1991-98 timeframe, whereas
five- valve-per-cylinder technology is unlikely to
enter the mainstream until 2001. Such determina-
tions are based on interviews with auto manufac-
turers and involves some subjective judgment. It
is recognized that technology availability does not
guarantee its introduction in the marketplace;
this depends on the costs of a technology and its
benefits. A smple model of technology adoption
by the manufacturers is one where technology is
adopted in a carline if the value of fuel saved over
a specific period exceeds its first cost to the con-
sumer. Analysis of historical data suggests a
period of four years (typical of new-car owner-
ship) for payback provides a good approximation
of past manufacturer behavior, and we have uti-
lized this to represent scenarios of business as
usual or “product plan” scenarios. Other scenar-
ios can be easily constructed to evaluate technol-
ogy adoption based on fuel savings over a vehicle
lifetime (10 or 12 years), or in total disregard of
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any cost-effectiveness criteria where all available
technologies are adopted to the maximum extent
possible. Table A-5 presents the estimated costs
of the existing fuel economy technologies in-
cluded in the forecasts.

Technology adoption is usually associated with
alevel of market penetration. For most technolo-
gies, it is an “al-or-nothing” decision at the car-
line level, since, for example, a given car will either
have anew lowdrag body or it will not. Technology
non-additivity must be accounted for so two tech-
nologies (such as manua and automatic trans-
missions) that cannot be present in the same car
are not assumed to each have 100-percent” market
penetration. However, there are some technolo-
gies offered as options in a given model, where the
consumer has a choice. Typically, these involve

Table A-5—-EEA’s Estimates of Incremental Retail
Price of Fuel Economy Technology (1988%)

Front Wheel Drive . .................... 240
Drag Reduction toCD=033......... 32
toCD=030......... 48
4-Speed Automatic Transmission . ....... 225
Torque Converter Lock-up . .............. 50
Electronic Transmission Control .. ........ 24
Accessory Improvements. .. ............. 12
OHC Engine: 4-cylinder ........... 110
6-cylinder ., ......... 180
8-cylinder ........... 200
4-valve heads: 4-cylinder ........... 140
6-cylinder ........... 180
8-cylinder ........... 225
Rollercams ........................ ... 4 per cylinder
Friction reduction 1: 4-cylinder .. .......... 30
&cylinder . ........... 40
8-cylinder ............ 50
“Advanced Pushrod” ................... 40 (6-sylinder)
Throttle Body Fuel Injection
(over carburetor) .. ... L 42 (one injector)

70 (two injector)
Multipoint Fuel Injection
(over throttle body)

4-cylinder ............ 48
8-cylinder ............ 84
8-cylinder ............ 80
Tire Improvements . .................... 12 (4 tires)
Ol (BW-30) .. o voe e 2
5-speed Automatic (over 4-speed) . ... ... 100
Continuously Variable Transmission
(over 4-speedauto) . ................ 100
Advanced Friction Reduction . . same as Friction
Reduction |
Tire Improvements (1995-2001) . ......... 18
Intake Valve Control
4-cylinder ........... 140
8-cylinder ........... 200

SOURCE: Energy & Environmental Analysls, Inc., 1991

performance engines or engines using other fuels
such as diesel engines. Evaluation of their market
penetration is either developed by specific sce-
nario assumptions, or else determined by trend
analysis or results from consumer surveys if the
object is to forecast fuel economy.

The calculation of fuel economy after technolo-
gy adoption is relatively simple using the “linear-
ized” method detailed earlier, but specific adjust-
ments are made for synergistic effects between
two technologies. The synergies are recognized
through engineering analysis, as the operation of
each technology is well understood and the
source of its benefits is known (in terms of reduc-
tion of specific losses identified in the engineering
equations). In brief, the model is

FC = FC,[1 + EEsmmj ]

where FC,is the baseline fuel economy

h

m, is the market penetration of the i

technology

X, is the percent fuel economy benefit of
the i"technology

Sij is the synergistic effect between

technology i and j on fuel economy

DATA SOURCES

The model of fuel economy shown above re-
quires detailed estimates of the fuel economy
effect of each technology, as well as estimation of
non-additive and synergistic effects of each tech-
nology with other technologies. One factor aiding
in the recognition of technology-specific fuel
economy effectsis the criteria utilized to select
available technologies for 2001, which require
that every technology be sold commercialy in
1991 in at least one mass-produced car model.
This, of course, makes it possible to scrutinize
available models and their fuel economy to dis-
cern the effects of specific technologies.

In general, detailed estimates of technology
characteristics are based on the following sources
of information:
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® data developed by the Department of Trans-
portation (DOT) in the late 1970s and early
1980s;

® data submitted by manufacturers to DOT
during the 1980s in response to new rule-
making on CAFE standards;

® data published in scientific journals or pa-
pers published by automotive engineering
societies worldwide, or provided by auto
manufacturers during interviews with EEA
staff;

® data based on detailed vehicle-to-vehicle
comparisons from available models; and

® engineering analysis concluded by EEA
staff on the technologies.

Due to the maturity of the automotive engine, it
is a relatively rare occurrence that data available
for a given technology from different sources pro-
vide highly conflicting results when properly in-
terpreted. Specifically, technology benefits are
sensitive to how the technology is applied and the
nature of the vehicle before and after technology
application. As noted, any technology can be uti-
lized to improve performance rather than fuel
economy, and careful control of performance re-

lated variables is essential in making judgments
about technology benefits. Another factor is the
state of technology maturity; typicaly, a technol-
ogy is not optimal at its introduction, but is devel-
oped more fully over a few years. These factors
introduce uncertainties in car-to-car compari-
sons, and data from such comparisons are vali-
dated by data from other sources before technol-
ogy characteristics are assigned.

Product plan information is often readily ob-
tainable in trade publications. For example, re-
cent issues of Automotive News have contained
Ford product and engine plans (Sept. 10, 1990,
and Dec. 10, 1990, respectively), Chrysler product
plans (Oct. 1, 1990), and a variety of European
product plans (July 8, 1991).
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