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Emission Factors for Small Utility Engines

Abstract

A major gap exists in available baseline emis-
sions data on the small utility engine population
between the mid-1970’s and present day. As part
of the input required for a standard-setting pro-
cess, the California Air Resources Board has
funded limited laboratory emission measurements
on a number of modern small engines, both 2-
stroke and 4-stroke designs. Exhaust constituents
characterized in this study include total hydrocar-
bons, reactive hydrocarbons (RHC), methane, CO,
NOy, CO»p, Oo, aldehydes, and particulate matter.
A total of nine engines were evaluated, spanning
the range from the smallest widely-used 2-strokes
(about 20 cc displacement) to 4-strokes approach-
ing 20 hp.

THE CALIFORNIA CLEAN AIR ACT OF
1988 (Assembly Bill 2595)(1}" requires that the Air
Resources Board (ARB) consider adoption of mea-
sures to reduce vehicle and other mobile source
reactive organic gases by 55 percent and oxides
of nitrogen by 15 percent; plus achieve the maxi-
mum feasible reductions for carbon monoxide, par-
ticulate mater, and toxic air contaminants; by
January 1, 1992, To meet these requirements, the
ARB is required to hold hearings on off-road vehi-
cle regulations by November, 1991. Utility engines
are one of the six off-road categories for which
ARB is required to develop regulations. Utility
engines are broadly defined by ARB as internal
combustion engines of 25 horsepower or less used
on lawn and garden equipment and small industrial
equipment.

Jetf J. White, James N. Carroll, and Charles T. Hare
Southwest Research (nslitute
San Antonio, TX

Jacline G. Lourenco
Califomia Air Resources Board
Ei Monte, CA

Much of the existing small engine emissions
data comes from studies performed in the early to
mid-1970’s by various engine manufacturers and
Southwest Research Institute (SwRI}2-4). Due to
the length of time which has passed since these
prior studies, and ARB’s desire to base their pro-
posed emissions standards on data derived from
current technology engines ARB contracted with
Booz, Allen and Hamilton, Inc. and SwRI to update
the small utility engine emissions inventory. This
paper presents the results of emission tests of nine
different small utility engines typical of current pro-
duction. Both 2-stroke and 4-stroke designs were
evaluated. Data obtained include total hydrocar-
bons (THC), methane, reactive hydrocarbons
(RHC), carbon monoxide (CO), oxides of nitrogen
(NOy), carbon dioxide (CO»), particulate matter
(PM), and aldehydes.

THE TEST PROGRAM was designed by
ARB to provide information about the emission lev-
els of modern small engines to support Caifornia’s
emission standard setting process. Engine selec-
tion criteria included engine population by applica-
tion and usage rates, as well as the range of
available designs and manufacturers. Design vari-
ables which were considered include operating
cycle (2-stroke or 4-stroke), displacement, number
of cylinders, crankshaft orientation (vertical, hori-
zontal, or all-position), and for 4-strokes, cylinder
head/valve actuation design (overhead valve or
side valve). While it was not possible to address
every combination in this program, a wide range of
engine types were selected. They are described in
Table 1. Generic product identifications are used in
place of manufacturer names.

“‘Numbers in parentheses designate references at the end of the paper.




Table 1.

Dest:ription of Engines Tested

Engine Type p oia;re’dhp Displacement-cm3 | Operating Cycle | Shaft Orientation
wWBM2, Side Valve 4 190 4-stroke Venrtical
wBM, OHV 4 148 4-stroke Vertical
wWBM, OHV 45 135 4-stroke Vertical
WBM, OHV, Propane 45 135 4-stroke Vertical
Utility, OHV 11 338 4-stroke Horizontal
Side Valve 12 465 4-stroke Vertical
Side Valve, 2-cylinder 18 782 4-stroke Horizontal
wBM 5 145 2-stroke Vertical
Trimmer 0.8 24 2-stroke All-position
4 WBM means “walk behind mower”

TEST PROCEDURES

SAE Recommended Practice J1088(5) was
used as the basis for emission measurement. This
is a steady-state modal procedure based on raw
exhaust gas analysis. As J1088 was under revi-
sion by the SAE Small Engine and Powered
Equipment Standards Committee during the per-
formance of this project, the version considered
current during the summer of 1990 was used. Dif-
fereances between this draft version of J1088 and
its expected final form are anticipated to be minor.
in any case, ARB will issue its own version of the
J1088 procedure along with the appropriate addi-
tions and modifications. It is the ARB procedure
which will govern small engine emission certifica-
tion in California.

Test modes applicable to small engines were
defined initially by ARB in its May 2, 1990, work-
shop notice, “A Preliminary Proposal to Establish
Exhaust Emission Standards and Test Procedures
for Utility and Lawn and Garden Equipment,” (Mail-
Out #90-38)(6); and were revised in its August 28,
1990, notice, "Second Preliminary Proposal to
Establish Exhaust Emission Standards and Test

Procedures for Utility and Lawn and Garden
Engines," (Mail-Out #90-57)(7). Full details of ARB
proposed regulations and test procedures are pub-
lished in the October 16, 1990, document, "Notice
of Public Hearing To Consider Regulations
Regarding The California Exhaust Emission Stan-
dards And Test Procedures For 1994 And Subse-
quent Model Utility And Lawn And Garden
Equipment Engines,” (Mail-Out 90-64)(8). The ver-
sion published in the October 16, 1990, notice was
used for calculation of results presented in this

paper. It is shown in Table 2.
SAE J1088 has no provisions for pariculate

measurement. As has been well established with
diesel engines, dilution and cooling of the exhaust
stream is necessary for accurate determination of
particulate mass rates. To provide particulate rate
data as requested by ARB, we constructed a dilu-
tion and sampling system incorporating a dilution
tunnel and a positive displacement pump (PDP)
type blower. A particulate sampling procedure was
developed using techniques previously established
for diesel and gasoline engine exhaust particulate
measurement,

Tabie 2. ARB J1088 Mode Applications and Weighting Factors
-J1088 Mode 1 2 3 4 5 6 7
Speed Idle | Rated |B5% of Rated|85% of Rated|85% of Rated |85% of Rated|85% of Rated
Load 0 Full Full 75% of Full | 50% of Full | 25% of Full Minimum
Handheld 10% 90% - - - — -
Non-Handheld | go, | — 9% 20% 29% 30% 7%
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TEST EQUIPMENT

Three dynamometers were used in this pro-
gram. They were a 30 hp vertical-shaft eddy cur-
rent dynamometer; a 30 hp horizontal-shaft eddy
current dynamometer; and a 1'% hp variable-orien-
tation electric (alternator) dynamometer. Dyna-
mometer test stands were installed in rails in the
test cell floor and instrumented for measurement of
engine speed, dynamometer load, and a variety of
pressures and temperatures. The dynamometer

control systems were designed to operate in either .

speed control or torque control mode. A Jordan
actuator was used to provide remote actuation of
the engine throttle. Details of the three dynamom-
eter installations are shown in Figures 1-3.

THE RAW EXHAUST ANALYTICAL SYS-
TEM was constructed in accordance with recom-

Figure 1. 30-Hp Vertical Shaft
Dynamometer

Figure 2. 30-Hp Horizontal Shaft
Dynamometer
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Figure 3. 1%-Hp Alternator Dynamometer

mendations in J1088. Laboratory grade emissions
- instruments of the type normally employed for-cer-
tification were used, as listed below:
HC Beckman Model 402 heated FID
analyzer
CO Beckman Model 868 NDIR analyzer

NO, SwR! heated chemiluminescent

analyzer

CQ» Beckman Model 315 NDIR analyzer

Oo Beckman Model OM-11 polarographic

analyzer

A heated filter (375°F) removed particulate
matter from the raw exhaust gaseous sample.
Hydrocarbon analysis was performed wet. The bal-
ance of the exhaust sample was passed through a
cold trap to remove water prior to analysis for CO,
COs5, and NOy. The raw exhaust analytical system
is shown in Figure 4.

PRIMARY COMPONENTS OF THE DILUTE
EXHAUST SYSTEM are shown in Figure 5. Dilu-
tion air and engine exhaust were mixed (turbulent
flow) using an orifice plate in an 8-inch diameter
7-teet long dilution tunnel. The dilution tunnel is
shown in Figure 6. Dilution air was filtered and flow
measured with a laminar flow etement (LFE)
before entering the tunnel. Provision was also
made for electrically preheating the dilution air to
achieve the desired 110°F particulate filter sample
zone temperature in low-exhaust-flow modes such
as idle. Particulate was measured using fluorocar-
bon-coated glass fiber 90mm filters, Pallflex Type
T60A20 (primary and back-up), installed in a hous-
ing through which a portion of the dilute exhaust
was withdrawn. The particulate filter housing
assembly is shown in Figure 7. Particulate filter




Figure 4. Raw Exhaust Analytical System

Dilution
Air

T

Engine
Exhaust

sample flow was measured using a calibrated gas
meter. A PDP-type constant volume sampling
(CVS) blower was used to draw the dilute exhaust
through the dilution tunnel. The blower was sized
to provide a maximum anticipated flow rate
approximately 20 times the maximum engine
exhaust flow rate. A variable speed drive enabled
setting the blower to different flow rates for differ-
ent modes. The CVS blower is shown in Figure 8.
A heat exchanger was installed to control inlet
temperature to the CVS blower. This control may
not be required when testing is conducted exclu-
sively on steady-state modes. A 2-inch diameter
line was used to pipe the raw exhaust from the
engine muffler outlet to the dilution tunnel inlet.
This line was insulated and heated to a (outer tube
wall) surface temperature of 260°F to minimize the
dropout of lubricant aerosol-type particulate.

ENGINE TESTING

Engines tested in this program were supplied
by manufacturers already broken-in to stabilize
engine power output. Break-ins ranged from 1 to
24 hours, using a variety of cycles. Engines were
tested "as received,” with basic engine adjust-
ments pre-set by manufacturers prior to receipt.

1

Silencer
Filter
PDP
LFE Blower
-
Heater
Heat
Exchanger
I -
Dilution Tunnel
(‘I { i
\ Mixing
+ Orifice
9mm Filter
Assembly

Figure 5. Dilute Exhaust System
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The fuel used for gasoline engine testing was
an emissions grade, unleaded, certification fuel. Its
batch analysis is presented in Table 3. Lubricants
used were of the type (and mix ratio for the 2-
strokes) recommended by individual engine manu-
facturers.

Figure 7. Particulate Filter
Housing Assembly
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Each engine to be tested was instalied on the
appropriate test stand and coupled to the dyna-
mometer. The engine was instrumented to mea-
sure engine speed, dynamometer load, inlet air
temperature, fuel temperature, fuel flow, oit tem-
perature (4-strokes only), spark plug seat temper-
ature, and exhaust temperature and backpressure.
Other data obtained included barometric pressure
and inlet air humidity, plus the full range of data
necessary to determine total dilute sample flow
and particulate sample flow. Engines were run with
stock air intake and exhaust systems instalied.
Muffler seams were inspected and, in several
cases, welded to prevent leakage. An exhaust mix-
ing chamber was not used. Engine inlet airflow
was not measured due to the known adverse
effects of intake air flow measurement on both
engine performance and emissions. An exhaust
line was fabricated, from 2-inch diameter stainless
steel tubing, to connect the engine exhaust to the
dilution tunnel for particulate measurement and
other dilute exhaust analysis. A V4-inch diameter
stainless steel probe was installed in the 2-inch
diameter exhaust line to extract the raw exhaust
sample for HC, CO, NOy, CO», and O2 analysis

~ as specified by J1088. The raw exhaust line was

heated to 375°F as prescribed by J1088 to prevent
the condensation and loss of heavier hydrocar-
bons in the sample line. The 2-inch diameter
exhaust line to the dilution tunnel was heated to
260°F to minimize losses of aerosol particulate
while avoiding excessive heating of the dilute

Figure 8. CVS Blower




Table 3. Fuel Batch Analysis

Item CFR Specification® SwRI Analyses
ASTM Unleaded j

Octane, research {min.) D2699 93 7 97.2
Sensitivity (min.) 7.5 4 9.9
Pb (organic), gm/U.S., gal. 0.05P <0.001
Distillation Range:

IBP Distillation Range:

IBP °F D86 75-95 95

10% Point, ‘F ' D86 120-135 122

50% Point, ‘F D86 200-230 218

90% Point, 'F D86 300-325 320

EP, °'F (max.)F D86 415 391
Sulfur, wt. % (max.) D1266 0.10 0.012
Phosphorus, gm/U.S., gal. (max.) 0.005 <0.0001
RVP, psi D323 8.0-9.2 9.2
Hydrocarbon Composition:

Olefins, %, {max.) D1319 10 45

Aromatics, % (max.) D1319 35 28.6

Saturates D1319 c 66.9

87(b)(2) for heavy-duty gasoline engines.
Maximum
€ Remainder

a Gasoline fuel specification as in CFR 86.113-87(b)(2) for light-duty gasoline vehicles and CFR 86.113-

exhaust stream. A comparison of engine perfor-
mance was made with and without the connection
of the line to the dilution tunnel to confirm that this
sampling technique did not alter engine power or
emissions.

Engines were warmed up at an intermediate
speed and load prior to testing. A quick check of
maximum power (WOT at rated speed) was made
to verify proper engine operation. The J1088 test
sequence was run on each engine a minimum of
two times. Raw exhaust analysis for HC, CO, NOy,
CO», and Oo was run first for each test mode.
Three complete sets of data were recorded for
each test mode, as prescribed by the J1088 test
procedure. These three readings were subse-
quently averaged to determine mean values for
each mode.

Following raw exhaust analysis for each
mode, the raw sample flow was turned off to direct
100 percent of the engine exhaust stream to the
dilution tunnel for particulate measurement and
methane and aldehydes analysis. The PDP blower
flow rate was adjusted initially for each test mode
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to a nominal dilution ratio of approximately-15.
Total flow rate was determined by summing mea-
sured dilution air flow and exhaust flow calculated
using a fuel-based (carbon balance) technique.
Total flow was then fine-tuned at each mode to
give a dilute sample temperature at the inlet face
of the primary particulate filter of 110°F + 5°F. Dilu-
tion air was typically preheated to achieve this
temperature in the idle mode. Sampling times were
adjusted as necessary to achieve reasonable filter
loadings. One set of particulate filters was loaded
for each test mode. Particulate filter pre- and post-
conditioning, handling, and weighing were all done
in accordance with procedures specified in Sub-
part N of 40 CFR Part 86(9).

While particulate sampling was underway, a
bag sample of dilute exhaust was taken down-
stream of the particulate filter assembly. This sam-
ple was analyzed to determine exhaust methane
concentration using a gas chromatographic tech-
nique. A second sample of dilute exhaust was
taken for aldehydes analysis. The sample was
bubbled through two impingers containing a




dinitrophenylhydrazine (DNPH) solution. Aldehyde
species concentrations were determined using a
liquid chromatographic technique.

CALCULATIONS

Mass emissions results were calculated using
the Fuel Flow Method - Section 6.2.2.2 of J1088.
The applicable equations are:
HC, g/hr = MHC/MF « Fuel, g/hr / (TC) « HC,
ppmC « 1/10000

CO, g/hr = MCO/MF = Fuel, g/hr / (TC) « CO,
% wet

NO,, g/hr = MNOy/MF « Fuel, g/hr / (TC) »
NOy. ppm ¢ Ky, » 1/10000

where:
1.{TC) = CO, % wet + CO», % wet + HC,
% wet
2. MHC = Molecular weight of exhaust HC
species

= 13.88 for fuel H/C = 1.85
3. MF = Molecular weight of fuel
= 13.88 for fuel H/C = 1.85
4. MCO = Molecular weight of CO = 28.01
5. MNOy = Molecular weight of NO2 = 46.00

6. K = Federal factor to correct for the effect
of humidity on NOy formation.

_ 1
~ (1-0.0047[H - 75])

(4-stroke engines)

= 1 (2-stroke engines)

H = Absolute humidity, grains HoO/Ib. dry
air

Individual modal results are in units of
unweighted g/hr. To determine emission rates on
a brake specific basis, ARB modal weighting fac-
tors must be applied.

For Non-Handheld Weighting

X, g/hrowtdy = X, g/hrep) * 0.05 + X, ghrg) * 0.09 .

+ X, g/hrgay * 0.20 + X, ghr(s) + 0.29
+ X, g/hrgy * 0.30 + X, g/hr(z) * 0.07
and:
hpwid) = hp(1) * 0.05 + hp(g) * 0.09
+hpgay + 0.20 + hps) * 029

+ hpg) = 0.30 + hp7, = 0.07
For Handheld Weighting

X, glhrowdy = X, gfhryy * 0.1 + X, ghr2y * 0.8
and:
hpwtd) = hp¢1) * 0.1 + hp2) * 0.9
where:
X, g/hry = HC, CO, NOy, or PM, g/hr in modej)
hp(i) = Indicated hp in modegj)

- Thus, the final weighted brake specific result is:

X, 9/Mrwid)

X, g@hp-hriwtd) = hpwtd)

Particulate Calculations

Small engine particulate results are calculated
on a mass basis, as follows:

Exh Q, scfm + Dil Q, scfm
PM, g/hr = PM, mg * ( 90 mm Q, scfm ]* 3.6
: B 90 mm t, sec
where:

PM, mg = Total mg particulate (front + rear
filter)

Dil Q, scfm = Dilution air flowrate, scfm

90 mm Q, scfm = 90 mm sample flowrate,
scfm

90 mm t, sec = 90 mm sample time, seconds
Exh Q, scfm = Exhaust flowrate, scfm

Exh Q, scfm = 100 T
[c:oo/ow +COp%W + —1§%-m—w]

. Exh MW _ Fuel M, Ib/hr
13.88 4513

where:

Fuel M, Ib/hr = Fuel flowrate, Ib/hr

CO%w = Raw CO%, wet basis

CO2%w = Raw CO2%, wet basis

HC ppmCw = Raw HC ppmC, wet basis
. Exh MW = Exhaust gas molecular weight




13.88 = HC ppmCw . 28.01 * CO%w
108 102

Exh MW =

N 44.01 » CO2%w . 46.00 x NO, ppmw
102 108
32.00 * O2%w 2.016 * Ho% * K
+ +
102 102

+18.01 * (1 = K) +[28.10 « (100-”—0—35—4"19—"!

NOx ppmw

- CO%w — CO YW —
2 104

02%wW

— (H2% * K}~ 100 * (1 —K)J}/102

where:

1

K=370005+ (CO%d + CO2%d) * y — 0.01 * Hz%d

0.5 » y * CO%d * (CO%d + CO2%d)
CO%d + 3 * CO2%d

Ha%d =

y = H/C ratio of the fuel

For 2-stroke engines, it is assumed no resid-
ual Ho is present and the K and molecular weight
equations are modified by deleting the Ho terms.
The above equations calculate PM for individual

- modes. Weighted PM in g/h and weighted PM in

g/hp-hr are calculated with the same equations
used for gaseous emissions.

RESULTS AND DISCUSSION

Results of small engine emission tests are

-presented in Table 4, grouped according to engine

type and displacement. ARB weighting factors,
described in Table 2, were applied to modal data
to calculate weighted total results. Results are pre-
sented in brake-specific units, based on observed
{uncorrected) power.

Emission results for 4-stroke engines of less
than 225 cm3 displacement are summarized in
Tabte 4. Reactive hydrocarbon (RHC) levels are
determined by subtracting methane emissions
from total hydrocarbon (THC) emissions. The sum
of THC plus NOy is presented to provide for con-
venient comparison with proposed ARB standards.
Weighted power and air/fuel ratio (A/F) are
inciuded with the emissions data to provide insight
into engine operating conditions. Air/fuel is derived
from measured fuel flow and calculated (fuel
based) exhaust flow.

The third engine listed (4.5 hp, WBM, OHV)
was refitted with a manufacturer-supplied propane
kit following gasoline-fueled testing. Results of pro-
pane-fueled testing of this engine are listed fourth
in the table. Laboratory-grade propane (99.9% min
Ca Hg) was used as the test fuel. It should be

Table 4. Small Engine Emissions Results

Weighted J1088, g/hp-hr Weighted

Engine Type THC | CH4 | RHC | NO, +T|'\-‘|8x CO | PM | HP | AF
4-Stroke Engines, <225 cm’®

4-hp, WBM, Side valve 492 | 165 | 475 | 1.16 | 504 | 476 | 0.85 | 1.20 | 11.6

4-hp, WBM, OHV 185 | 182 | 167 | 199 | 205 | 360 | 033 | 140 | 1.7

4.5-hp, WBM, OHV 10.0 | 1.11 8.9 254 | 125 | 372 | 069 | 1.21 | 115

4.5-hp, WBM, OHV, Propane 6.2 0.95 5.3 6.28 | 125 168 0.60 | 1.15 | 136
4-Stroke Engines, >225 cm’

11-hp, Utility, OHV 6.0 | .0.75 5.2 216 | 8.1 255 | 0.03 | 413 | 120

12-hp, Side valve 6.5 1.03 5.5 501 | 116 | 274 | 0.06 | 436 | 126

18-hp, Side valve, 2-cyl. 6.7 0.94 5.7 2.80 9.5 354 | 020 | 7.09 | 12.0

2-Stroke Engines :
| 5-hp WBM 190 | 3.70 | 186 | 0.31 190 | 444 7.1 1.30 | 10.7
0.8-hp, Trimmer 169 | 120 | 168 | 0.94 | 170 | 284 45 | 0.71 | 11.7
120




noted that this propane conversion system had not
been optimized and was not production ready. It
was included to explore the potential benefits of an
alternate fuel.

Total hydrocarbon emissions of the three gas-
oline-fueled 4-stroke walk-behind-mower (WBM)
engines varied from 10.0 to 49.2 g/hp-hr. Hydro-
carbon emission levels of small engines tend to be
high due to the rich calibrations used to provide
fuel cooling. The overhead valve design engines
both emitted less THC than the side valve design
engine. Carbon monoxide emission levels were
also very high for all three engines, ranging from
360 to 476 g/hp-hr. Carbon monoxide production is
primarily a function of air/fuel ratio. The stoichio-
metric air/fuel ratio for the gasoline used was 14.6.
Weighted A/F ratios for these three engines were
all very rich, ranging from 11.5 to 11.7 so that CO
emissions, as well as HC emissions, were ele-
vated by the rich carburetor calibrations employed.
NOy emissions, on the other hand, tended to be
low, ranging from 1.16 to 2.54 g/hp-hr. NOy pro-
duction is a function of peak combustion tempera-
ture and requires the presence of oxygen. The rich
calibrations used typically result in cool combus-
tion and low residual oxygen levels, and so pro-
duce low NOy emissions.

Methane emission levels ranged from 1.11 to
1.82 g/hp-hr, and represent from 3.4 to 11.1 per-
cent of total HC levels, so reactive HC levels (the
balance of THC) range from 96.6 to 88.9 percent
of total HC levels.

Particulate emissions from these gasoline-
fueted engines were low compared to those from
2-stroke engines, ranging from 0.33 to 0.85 g/hp-
hr. Particulate filters collected exhibited colors
ranging from tan to black, suggesting particulate
creation perhaps from unburned lubricant in the
case of the lighter colored filters, and perhaps par-
ticulate soot from overly rich combustion in the
case of the darker colored filters.

The conversion of the 4.5 HP WBM engine to
propane operation provides an interesting compar-
ison with its gasoline-fueled operation. The primary
differences are related to the leaner operation
achieved using propane. This resulted in substan-
tially reduced THC and CO emissions, 38 percent
and 55 percent respectively, but NOy which was
higher by 147 percent. With this tradeoff of
increased NOy for decreased HC, the combined
HC + NOy level is precisely the same as it was for
gasoline-fueled operation. Thus, meeting a com-
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bined HC + NOy standard may require more than
simple enleanment.

Emission results for 4-stroke engines greater
than 225 ¢cm3 displacement are also summarized
in Table 4. Since these engines employ rich cali-
brations like the smalier displacement 4-stroke
engines, there is considerable similarity in emis-
sion levels and trends. THC levels ranged from 6.0
to 6.7 g/hp-hr, and CO levels ranged from 255 to
354 g/hp-hr. NO, emissions ranged from 2.16 to
5.01 g/hp-hr. One significant difference noted
between the larger and smaller displacement 4-
stroke engines is in THC emissions. The larger
displacement engines emit much less THC than
their smaller counterparts. Since hydrocarbon for-
mation is strongly a function of combustion cham-
ber surtace area, it is reasonable to conclude that
the increased combustion chamber surface-to-vol-
ume ratio of the smaller engines is a primary
cause of their increased THC emissions.

Emission results for the 2-stroke engines
tested are also summarized in Table 4. A striking
difference between 2-stroke and 4-stroke engines
is in the extremely high levels of THC emitted by
the 2-stroke engines. Levels of 130 and 169 g
THC/hp-hr were observed for the 5 hp WBM
engine and 0.8 hp trimmer engine, respectively.
Like the 4-stroke engines, the 2-stroke engines
employ rich calibrations for fuel cooling and
smooth operation. A greater factor, however, is the
design of the 2-stroke engine which permits a frac-
tion of the intake charge to short-circuit directly to
the exhaust port, uncombusted. These factors
combine such that brake specific HC emissions for
2-stroke engines are typically 10-20 times the level
of 4-stroke engines.

Two-stroke engine CO emissions are similar
to 4-stroke engine levels, as would be expected for
engines operating at similar air/fuel ratios, with 444
and 284 g/hp-hr observed for the WBM engine and
timmer engines, respectively. Two-stroke engine
NOy emissions were very low, ranging from 0.31
g/hp-hr for the WBM engine to 0.94 g/hp-hr for the
trimmer engine. Although sufficient oxygen is pres-
ent, 2-stroke engine combustion temperatures typ-
ically tend to be too low to produce large amounts
of NOy. Both a rich mixture and "incidental EGR,"
or residual exhaust gases, contribute to the low
combustion temperatures.

Two-stroke engine particulate emissions tend

to be very high. Levels of 7.1 and 4.5 g/hp-hr were
determined for the WBM engine and trimmer




engine, respectively. Lubrication of the compara-
tively inexpensive two-stroke engines tested was
provided by mixing the lubricant with the fuel. A
certain amount of this lubricant passes through the
combustion chamber unburned and is emitted as
an aerosol-type particulate. This is also reflected
by 2-stroke engine particulate filter appearance,
which was different from 4-stroke engine filters,
tending to be light tan in color.

Modal data for all engines tested is included
in the Appendix. Results are presented in terms of
both g/hr and g/hp-hr, and show the relative con-
tributions of individual modes to the final weighted
total.

ALDEHYDE RESULTS

Aldehyde emissions were measured for all
nine engines tested. Aldehydes were determined
by bubbling a proportional sample of diluted
exhaust through two impingers containing a
dinitrophenylhydrazine (DNPH) solution with sub-
sequent analysis by liquid chromatography. Pri-
mary plus back-up impinger samples were taken in
every J1088 mode. These data are summarized in
Table 5.

The analytical technique used provided speci-
ation for formaldehyde, acetaldehyde, acrolein,
acetone, propionaldehyde, crotonaldehyde,

isobutraldehyde, benzaldehyde, and
hexanaldehyde. For simplification, oniy the major
components (formaldehyde, acetaldehyde, acro-
lein, and benzaldehyde) are included in the table.
Note that the total is generally greater than the
sum of the components due to the contribution of
unlisted components.

. Typically, formaldehyde was the species
present in highest concentration, representing from
40 percent to over 90 percent of total aldehyde
emissions. Aldehyde emissions seem to roughly
follow the pattern set by HC emissions. Within the
4-stroke engine group, the side-valve engines
emitted more aldehydes than the OHV engines.
Two-stroke engines emitted much higher levels of
aldehydes than the 4-stroke engines, again,
roughly in proportion to the corresponding THC
emission levels.

SUMMARY AND CONCLUSIONS

Baseline emissions of the nine small engines
tested using the SAE J1088 recommended prac-
tice are summarized in Figures 9 through 12.
Small utility engines emit high levels of HC and
CO, and in the case of 2-stroke engines, high par-
ticulate. Among the 4-stroke engines, the smaller
displacement WBM-type engines produced higher
brake-specific HC emissions than the larger dis-

Table 5. Small Engine Aldehyde Emissions

i Weighted J1088, g/hp-hr
Engine Type Formal- | Acetal- | , . | Benzal- |Total Alde-
dehyde dehyde dehyde hydes

4-Stroke Engines, <225 cm®

4-hp, WBM, Side valve 0.32 0.05 0.04 0.07 0.54

4-hp, WBM, OHRV 0.28 0.04 0.00 0.06 0.47

4.5-hp, WBM, OHV 0.10 0.01 - 0.02 0.14

4.5-hp, WBM, OHV, Propane 0.11 0.01 - 0.00 0.13
4-Stroke Engines, >225cm>

11-hp, Utility, OHV 0.04 0.01 0.00 0.02 0.10

12-hp, Side valve 0.23 0.03 0.05 0.05 0.41

18-hp, Side valve, 2-cyl. 0.08 0.02 0.00 0.02 0.12

2-Stroke Engines

5-hp WBM 0.82 0.23 0.18 0.31 1.85

0.8-hp, Trimmer 0.67 017 0.08 0.20 1.35

Totals include contribution of other unreported species.
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" placement utility and riding-mower engines. The
older side-valve 4-stroke design also produced
higher HC emissions than engines employing OHV
technology. Two-stroke engines emitted on the
order of ten times as much HC as the 4-stroke
. engines due to incomplete combustion and the
short-circuiting inherent to the crankcase-scav-
enged 2-stroke engine design. .

Carbon monoxide emissions were high for all
engines tested (Figure 10). This is a result of the
rich calibrations which are typically used to provide
tuel cooling and smooth operation. NOy emissions
were low for all engines tested (Figure 11). This is
primarily due to their rich (oxygen deficient) opera-
tion. Twa-stroke engine NOy levels are even lower
than those from the 4-stroke engines due to the
cooler combustion associated with the 2-stroke
design. Particulate emissions (Figure 12) were
highest from the 2-stroke engines. Most of this par-
ticulate matter is an aerosol from uncombusted
tubricant which is mixed with the fuel.

A comparison of results from this study with
those from earlier studies (3, 4) suggests emission
levels of engines produced in 1990 are not greatly
different from those of engines produced over 15
years ago. For at least engines to be sold in Cali-
fornia, this is expected to change with the introduc-
tion of California emission standards for small
engines. How quickly use of low-emissions tech-
nology will spread to other areas depends on
numerous economic and political factors.
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Appendix A-1. 4-Hp Side Valve WBM Engine

fEngine #7num # AVERAGE | AVERAGE | AVERAGE | AVERAGE | AVERAGE | AVERAGE |WEIGHTED
4HP, WEM, Gids valve #1_| MODE1 | MODES | MODE4 | MODES | MODES | MOOE? J1088
Weighting Factor 5% [ 209 299 30% 7%

AlrHuel ratio 130 11.2 1.8 111 119 121 18
Fuel flow rate, vh 0.31 252 2.06 1.75 1.28 1.18 1.83
Engina speed, rpm 1033 3190 3200 3200 3200 3230 3093
Engine torque, b-ft 0.18 4.12 313 2.0 1.02 0.37 1.04
Powes output, hp 0.04 2.50 1.91 1.27 0.62 0.23 1.18
Alr inlet temp, F 92.9 86.0 85.7 82.0 76.0 79.3 81.8
Hurmidity, grains/ib 82.1 62.4 63.3 62.8 63.5 62.6 63.0
Total engine hours. h 2.9 35 2.0 48 54 6.4 [X
HC ppme wel 17683 15500 15173 12567 8567 8663 12135
COC % wet 2.03 6.56 5.68 6.79 541 4.95 581
CO2 % wal 10.8 8.00 8.25 8.2 9.4 9.49 8.72
NOx pprn wet 20.4 139 122 76.1 67.5 59.3 84.8
02 % wel 1.94 1.83 166 1.26 0.97 0.89 1.3
RAW J1088

HC, gh 17.0 10 90.2 61.3 32.3 30.2 58.4
HC, ghp—h a4 47.3 48.1 510 49.5
CH4, ghh 0.26 3.27 233 215 1.80 1.58 1.09
CHA, g/mp-h 1.31 1.22 1.69 257 1.68
[RHC, g/ 18.7 107 a7.9 £9.1 30.7 28.6 56.4
RHC, g/hp-h 437 48.1 48.4 49.4 478
cO, gh 30.4 942 708 669 412 U0 570
CO, ghp-h 376 am 525 663 483
NOx, gl 0.09 3.10 2.28 1.17 0.80 0.65 1.36
NOX, ghp-h 1.24 1.20 0.82 1.20 1.18
C02, 230 1604 1576 1270 1004 1049 1264
CO2, ghp-h 721 827 998 1760 1072
Fuel, b/h 0.31 252 2.08 1.75 1.28 118 1.63
Fuel, ihp—h 1.0 1.08 1.37 2.06 1.38
DILUTE PARTICULATE

PM, gh 0.22 3.08 1.68 0.92 0.35 0.22 1.05
PM, o/hp-h 1.22 0.97 0.73 0.56 0.89
Engina # / run # AVERAGE | AVERAGE | AVERAGE | AVERAGE | AVERAGE | AVERAGE WEGHTED]
aHP WEM, Side Valve #2_| MODE1 | MODE3 | MODE4 | MODES | MOOES | MOOE? | J1083 |
Waighting Factor 59 9% 20%] 29% 0% T

AkHuel ratic 13.0 11.2 11.5 1.3 11.8 12.0 1.6
Fuel flow rate, /h 0.34 256 2.08 1.76 1.32 113 1.65
Engine speed, (pm M0 3200 3190 3200 3200 3227 3095
Engine torque, b1t 0.13 427 3.25 2.16 1.06 0.35 2.01
Power output, hp 0.03 2.60 1.97 1.32 0.65 0.22 1.22
Al Inlet temp, F 89.3 B1.7 77.0 81.7 74.0 74.0 78.3
Humidity, grainafib 64.6 63.0 61.2 72.7 81.9 61.8 65.1
Total engine hours, h 7.2 77 X 8.1 8.5 9.0 2.0
HC ppme weat 20803 16700 15900 11533 8800 ‘BEBT 12315
CO % wet 1.60 6.48 5.57 6.81 557 5,01 577
CO2 % wet 10.9 797 8.67 8.01 9.11 0.48 8.72
NOx ppm wet 25.8 130 [EX 70.7 68.6 £9.5 86.7
02 % wet 2.40 1.88 1.70 1.28 0.970 0.895 1.35
RAW J1088

HC, gh 217 120 939 575 33.9 20.0 59.8
[HC, gMmp-h 46.3 47.6 43.7 52.6 48.8
CH4, gih 0.31 3.25 2.27 2.28 1.50 1.49 1.98
CH4, ghp-h 1.25 1.15 1.73 2.3 1.62
RHC, gh 21.4 n7 91.6 55.3 324 275 £7.6
AKC, gmp-h 45.0 46.4 42.0 £0.2 472
CO, gh ~ 338 944 664 686 434 338 572
€O, ghp=h 363 336 521 672 469
NOX, g/h 0.08 2.95 241 1.29 0.83 0.62 1.42
NOx, g/hp-h 1.13 1.22 0.98 1.28 1.18
€02, gh 381 1823 1625 1269 1118 1008 1280
C02, ghp-h 701 823 964 1727 1049
Fuel, b/h 0.34 2.56 2.06 1.76 1.32 1.13 1.65
Fw' hp-h 0,98 1.04 1.34 2.05 1.35
[DILUTE PARTICULATE

PM, gh 0.156 2.80 1.67 1.02 0.31 0.20 1.00
M, ghp-h 1.07 0.85 0.78 0.48 0.82
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Appendix A-2. 4-Hp OHV WBM Engine

Engine # / run # AVERAGE | AVERAGE | AVERAGE | AVERAGE | AVERAGE | AVERAGE |WEIGHTED!
4HP, WEM, OHV 1 MODE1 | MODE3 | MODE4 | MODES | MODEE | MDOE 7 J1088 |
Waeighting Factor 5% 9% 20% 29% 30% 79
Air/tuel ratio 7.25 126 122 116 12.2 11.3 1.7
Fuel flow rate, Bvh 0.49 1.96 1.78 1.59 1.17 1.06 1.44
Engine speed, rpm 773 3200 3193 3210 3210 3147 3080
Engine lorque, bt 0.25 502 3.73 283 1.25 0.44 2.35
Power output, hp 0.04 3.06 2.27 1.55 0.76 0.26 1,43
Air intet temp, F 86.0 88.7 86.3 6.7 82.7 81.0 84.6
Humidity, graine/t 80.2 64.6 64.7 74.3 75.3 71.0 71.9
Total angine hours, h 101 10.8 1.4 11.8 12.3 12.7 12.7
HC ppmc wet 66800 6033 5500 5633 4600 5833 B405
CO % wet 11.0 422 5.28 6.95 5.93 7.69 6.32
CO2 % wet 458 9.98 9.33]  8.20 8.69 7.61 8.51
NOx ppm wet 11.2 504 282 116 104 T74.4 172
02 % wet 2.40 092 0.95 1.02 1.15 V.22 1.12
J1088 RESULTS
THC, gih 67.0 36.2 29.3 258 16.3 17.7 26.1
THC, ghp-h 11.8 12.9 16.7 21.3 18.3
CH4, g .91 2.64 2.64 2.36 1.71 1.94 2.54
CH4. ghp-h 0.86 1.16 1.53 2.24 1.78
AHC, g 58.2 338 26.6 23.5 14,5 15.7 235
RHC, ghp—h 1.0 1.7 15.2 19.0 16.5
CO, gl 222 511 568 644 423 471 517
CO, gMp-t 167 250 416 554 362
NOx, g 0.04 9.55 4.77 1.75 1.23 0.74 2.74
NOx, ghp-h 313 2.10 1.13 161 .92
CO2, gh 145 1638 1577 1193 974 733 1183
CO2, glhp-h 621 635 771 1275 829
Fuel, Vh 0.49 1.96 1.76 1.5 1.17 1.08 1.44
Fuel, ivhp-h 0.64 0.78 1.03 154 1.01
DILUTE PARTICULATE
PM, gh 0.31 a 1.04 0.29 0.10 0.09 a
PM, g/hp-h a 0.46 0.19 0.13 a
a Mode 3 Particulate loading improbably high, no weighted average calculated.
Engine # / run # AVERAGE | AVERAGE | AVERAGE | AVERAGE | AVERAGE | AVERAGE |WEIGHTED
4HP, WBM, OHV #2 MODE1 | MODE3 | MODE4 | MODES | MODES | MODETZ | J1088
Weighting Factor S% 9% 20% 29%] 309 7%
Alrituel ratio 7.00 12.9 12.2 11.6 12.4 1.5 11.8
Fusl llow rata, /h 0.50 2.00 1.70 1.56 1.11 1.07 1.41
Engine spead, rpm 873 3200 3200 3200 F 3207 30a3
Engine torque, b-fl 017 4.85 3.65 2.39 1.2 0.43 2.26
Power output, hp 0.03 2.98 2.22 1.45 0.74 0.26 1.37
Air intet temp, F 86.7 980 99.0 86.7 89.3 90.3 81.2
Humidity, grainsib 71.2 731 63.4 59,2 €3.3 68.0 63.8
Tota! engine hours, h 13.8 14.0 14.4 14.8 15.2 15.7 15.7
HC ppm¢; wat 83700 5200 5933 5360 4433 §333 9080
CO % wat 9.99 3.78 517 7.04 5.58 7.51 6.1
CO2 % wat 4.55 103 9.36 8.14 8.90 7.65 8.59
NOx ppm wet 17.5 576 268 118 111 78 180
02 % wot 3.62 0.90 0.98 1.00 1.16 1.32 1.19
11088 RESULTS
THC, g/ 82.7 32.3 30.3 23.9 149 16.4 25.7
THC, g/hp-h 10.9 13.6 16.4 203 18.7
CH4, gh 10.3 2.67 2.25 2.34 1.69 2.8 2.55
CHa, gihp—h 0.90 1.01 1.61 2.2% 1.86
RHC, g 72.4 29.7 28.0 218 13.2 14.2 za
RHC, g/hp-h 10.0 12.6 14.8 18.0 18.5
CO, gh 199 475 533 641 a7 468 492
CO, g/hp-h 161 240 441 515 358
NOx, g/ 0.06 11.82 4.30 1.65 1.18 0.77 2.81
NOx, gimp-h 4.00 1.94 1.13 1.60 2.05
coz, g/ 143 2029 1516 1166 951 748 1169
€02, ghp-h 686 682 802 1292 851
Fuet, Ib/h 0.50 2.00 1.70 1.56 KT 1.07 1.41
Fuel, b/hp-h 0.68 0.77 1.07 1.50 1.02
DILUTE PARTICULATE
PM, g/h 1.18 1.13 0.61 0.37 0.19 0.07 0.45
PM, g/lhp-h 0.38 0.28 0.25 0.26 0.33
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Appendix A-3. 4.5-Hp OHV WBM Engine

Engine #/run # AVERAGE | AVERAGE | AVERAGE | AVERAGE | AVERAGE | AVERAGE |WEIGHTED'
4.5HP, WBM, OHV #1 MODE1 | MODE3 | MODE4 | MODES | MODES | MODET | J10B8 |
Waighting Factor 5% 9% 20 29% 30%] 7"
Alirftusl ratio 10.2 11.6 11.6 13 1.5 10.8 1.4
Fuel flow rate, Ib/h 0.42 1.80 1.53 1.29 0.96 0.75 1.20
Engine speed, rpm 2023 3200 3200 3207 3200 3203 3143
Engine forque, -k 0.03 4.27 3.20 2.15 1.07 0.06 1.97
Power output, hp 0.0% 2.60 1.95 1.3 0.65 0.03 1.20
Alr inlet temp, F 110 13 136 124 115 114 123
Humidity, grains/ B4 82 74 88 76 72 80
Total engine hours, h 21 2.7 3.2 37 4.1 4.6 45
HC ppmc wet 12700 2467 2567 3633 4267 9300 4358
CO % wet 8.34 6.61 6.46 6.91 6.25 7.38 6.70
CO2 % wel 7.57 8.92 9.01 8.77 9.19 8.32 8.87
NOx ppm wat 35.6 423 279 241 139 70.1 212
02 % wet 0.45 0.12 6.11 0.13 0.13 0.27 0.15
J1088 RESULTS

THC, g/h 13.9 12.8 11,3 13.2 1.7 - 19.0 12.8
THC, g/hp-h 491 5.80 10.1 18.0 10.6
CH4, g/h 1.18 1.47 1.28 1.51 115 2.21 1.39
CH4, g/hp-h 0.57 0.66 1.15 1.76 1.15
AHC, gh 128 1.3 10.0 17 10.5 16.8 11.4
AHC, gihp-h 4.34 5.14 8.95 16.2 9.48
cO, gh 185 681 575 509 345 304 459
CO, glhp-h 266 295 388 531 382
NOx, g/t 0.14 7.52 4.05 310 1.27 0.47 2.81
NOx, ghp-h 2.89 2.08 2.36 1.95 2.33
€02, gh 267 1464 1260 1015 798 538 969
COz2, g/hp-h 563 647 773 1228 806
Fuel, i/ 0.42 1.80 1.53 1.29 0.96 Q.75 1.20
Fusl, vhp-h 0.69 0.78 0.98 1.47 1.00
DILUTE PARTICULATE

PM, gh 0.30 2.52 1.67 0.69 0.54 0.94 1.01
PM, g/hp-h 0.98 0.86 0.53 0.83 0.84

#/un# AVERAGE | AVEHAGE | AVERAGE | AVERAGE | AVERAGE | AYERAGE |WEIGHTED

4.5HP, WBM, OHV #2 MOOE1 | MODE3 | MODE4 | MODES | MODE® | MODE7 | J1088
Weighting Factor 5% 9% 20% 29%) 30%) 7%

Airftuel ratio 10.4 11.7 11.9 115 11.6 10.7 1.5
Fuel flaw rate, /h 0.41 1.79 1.51 1.27 0.54 0.74 1.19
Engina speed, Ipm 1967 3200 3210 3200 3z07 3197 3142
Engine torque, H-ft 0.14 4.26 3.23 2.15 1.05 0.08 1.98
Power output, hp 0.05 2.60 1.97 1.31 0.64 0.05 1.21
Air inlet temp, F 106 133 136 129 120 114 126
Humidity, grains/ty 76 79 86 88 70 74 79
Total enging hours, h 5.5 6.2 €.6 7.0 7.3 7.7 1.7
HC ppme wet 11467 2300 1700 3300 3833 10867 3988
CO % wet 8.24 6.27 5.88 648 6.23 7.37 6.44
CO2 % wet 7.75 9.19 9.29 9.0 9.16 8.35 9.02
NOx ppm wet 41.0 449 374 282 139 | 66.5 245
02 % wat 037 | 0.08 0.0% 0.13 0.15 0.27 0.15
J1088 RESULTS

THC, g/h 125 119 7.53 12.0 10.4 21.6 11.3
THC. ghp-h 4.59 3.82 9.15 16.2 9.37
CH4, g 1.53 1.54 1.14 1.26 1.08 2.14 1.28
CH4, g/hp-h 0.59 0.58 0.96 1.68 1.06
AHC, gh 1.0 10.4 6.40 10.7 9.2 19.5 10.0
RHC, glhp-h 4.00 3.24 8,19 14.5 8.3
CO, g 181 657 536 476 340 2% 438
O, ghp-h 253 272 363 531 361
NOx, gh 0.35 7.88 5.79 a.58 1.22 0.44 331
(NOx, g/lhp-h 3.03 2.94 2.73 1.90 2.74
co2, gh 268 1512 1307 1044 786 s27 985
€02, g/hp-h 582 663 793 1226 B16
Fual, Ib/h 0.41 1.79 1.51 1.27 0.54 0.74 1.19
Fuel, lvhp-h 0.69 0.77 9.97 1.47 0.98
DILUTE PARTICULATE

PM, g/h 0.07 1.97 1.14 0.49 0.25 0.59 0.67
{PM, g/hp—h 0.78 0.58 0.38 0.39 0.55
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Appendix A-4. 4.5-Hp OHV WBM Propane Engine

Engine # / run # AVERAGE | AVERAGE | AVERAGE | AVERAGE | AVERAGE | AVERAGE [WEIGHTED'
4.5HP, OHV, Propane #1 MODE1 | MODE3 | MODE4 | MODES | MODEE | MODE? | Ji088 |
Waeighting Factol 5% 9% 20% 29% 30%) 79

Airfluel ratio 10.0 14.2 14.4 14.4 12.8 10.8 135
Fuel fiow rate, f/h 0.45 1.30 1.24 0.84 0.84 0.68 0.93
Engine speed, rpm 2130 3200 3200 3200 3200 3167 FALE)
Engine torque, b1t 0.00 4.19 i 213 1.05 0.017 1.93
Power output, np 0.00 2.55 1.90 1.30 0.64 0.01 1.18
Alr inket temp, F 111 133 134 129 118 12 125
Humigdity, grains/lb 98 98 90 90 90 91 91
Total engine hours, h 23 29 3.3 3.8 4.3 5.0 5.0
HC ppmc wet 19400 1400 1360 1300 2100 8400 2951
CO % wet 8.50 2.59 2.18 2 20 5.01 8.03 379
C02 % wet 5.50 9.70 9.99 9.93 8.10 6.16 8.89
NOx ppm wet 5.69 1098 1097 718 109 23.9 561
02 % wet 0.99 0.13 0.08 0.13 013 0.42 0.18
J1088 RESULTS

THC, gh 25.0 6.64 5.7 4.05 6.04 17.2 7.23
THC, ghp-h 2.60 315 313 9.47 614
CH4, g/h 5.30 0.56 0.98 0.34 0.93 3.20 111
CH4, g/hp-h 0.22 0.51 0.26 1.46 0.94
AHC, g/h 19.7 6.08 4.99 EEL 5.%1 14.0 §.12
RHC, g/hp-h 2.38 2.63 2.87 8.01 5.20
CO, g/ 208 234 189 131 274 314 212
CO, g/hp-h 92 100 101 430 180
NOx, g/ 0.03 184 16.9 7.53 1.06 017 7.55
NOx, g/hp=h 7.18 8.93 5.81 1.66 6.42
cOo2, gh 212 1377 1374 926 €98 378 914
€02, ghp-h 539 724 715 1094 776
Fuet, ib/h 0.45 1.30 1.24 0.84 0.84 0.68 093
Fuel, lhp-h 0.51 0.66 0.65 1.32 0.72
DILUTE PARTICULATE

PM, g/h 0.04 2.40 2.83 0.41 0.1 0.06 0.94
PM, g/ho=h 0.94 1.48 0.32 0.18 0.80
Engine # / run # AVERAGE | AVERAGE | AVERAGE | AVERAGE | AVERAGE | AVERAGE |WEIGHTED;
4.5HP, OHV, Propane #2_ | MODE1 | MODE3 | MODE4 | MODES | MODEG | MODE7 | J1083
Waighting Factor 5% 9% 20% 29% 30% 79

Airffuel ratio 9.38 14.2 14.5 14.7 13.0 111 136
Fusl flow rate, I/h 0.59 1.19 1.05 0.76 072 0.65 0.83
Engine speed, rpm 2197 3200 3200 3200 3200 3220 3151
Engine torque, b-ft 0.00 4.02 3.03 1.98 1.00 0.00 1.84
Power output, hp 0.00 2.45 1.84 1.20 0.61 0.00 1.12
Alr Inet temp, F 105 136 135 130 123 116 127
Humidity, grains/i 88 87 83 83 82 81 a3
Total engine hours, h 5.9 6.5 69 7.3 7.7 8.1 8.1
HC ppmc wet 26600 1167 1100 1233 2167 7167 3164
CO % wet 5.0 2.31 1.96 1.57 4.80 7.66 3.48
CO2 % wet 5.04 9.88 10.1 10.4 8.19 8.34 9.09
NOx ppm wet 2.65 1054 1055 949 105 3.8 615
02 % wet 1.10 0.07 0.08 0.13 017 0.39 019
1088 RESULTS

THC, gh 424 5.08 4.31 3.53 5.39 14.4 7.9
THC, g/Mp-h 2.06 234 2.93 8.83 6.32
CH4, g 8.74 0.66 0.47 0.31 0.77 2.43 1.08
CH4, g/hp=h 0.27 0.25 0.26 1.25 0.96
RHC, gh 337 4.40 3.85 322 4.63 12.0 6.01
RHC, ghp-h 1.80 2.08 2,69 7.57 5.36
CO, ph 274 191 148 85.7 228 794 174
CO, g/hp—h 78.1 79.4 71.1 372 ] 155
NOx, gh 0.01 15.2 13.5 8.83 0.84 0.21 6.69
NOx, g/hp-h 6.20 7.31 7.33 1.38 6.14
co2, gh 241 1296 1189 893 610 382 835
CO2, ghp-h 529 645 741 998 744
Fuel, b/ 0.59 1.19 1.05 0.76 0.72 0.65 0.83
Fual, b/hp-h 0.48 0.57 0.63 1.19 0.74
CILUTE PARTICULATE

PM, g/h 0.02 1.34 1.03 0.35 0.08 0.06 0.46
PM, g/ip—h 0.55 0.56 0.29 013 0.41
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Appendix A-5. 11-Hp OHV Utility Engine

Engine # / run # AVERAGE | AVERAGE | AVERAGE | AVERAGE | AVERAGE | AVERAGE |WEIGHTED
11HP, Utility, CHV #1 MODE 1 MODE3 | MODE4 MODES | MODE S MODE 7 J1088
Waighting Factor 5% 9 20% 29% 30W 7%
Alr/fuet ratio 7.3 1.1 12.0 12.5 2.7 10.1 1.9
Fuel flow rate, b/h 0.92 6.30 4,38 3.3 2.46 2.35 3.35
Engine speed, rpm 1060 3600 3607 3600 3607 3637 3473
Engine torque, b-ft 0.05 12.9 9.89 6.52 kR« 0.38 5.99
Power cutput, hp 0.m B8.86 6.65 4,47 2.22 0.26 4.11
Alr inlat temp, F 84.0 88 ) B85 81 B1 85
Hurmidity, grains/ib 92.3 71 63 83 78 73 76
Total engine hours, h 4.9 1.5 23 2.9 3.4 4.1 4.1
HC ppmc wet 56200 1700 1400 1583 1707 5767 4618
CO % wet 10.8 7.7% 5.25 4.35 3.73 9.47 5.33
CO2Z % wat 5.99 8.34 9.99 10.5 10.9 7.41 9.87
NOx pom wat 5.86 179 377 328 168 45.4 240
02 % wet 1.31 0.07 0.06 0.07 0.07 0.13 0.13
J1088 RESULTS
THC, g/ 105 29.9 18.0 15.9 12.9 35.3 22.5
THC, g/hp-h 3.38 22m 3.55 5.80 5.47
CH4, g/h 012 5.04 2.49 1.9 1.75 6.96 2.55
CHA4, ghp-—h 0.57 0.37 0.44 0.79 0.62
EHC. oh 105 24.9 15.5 13.9 11,1 28.3 19.9
RHC, ghp-h 2.81 2.33 3N 5.01 4.85
CO, gh 407 2741 1365 881 569 1170 1048
CO, g/hp-h 309 205 197 256 255
NOX, gih 0.04 10.2 15.2 11.3 4.26 0.94 8.60
NOx, ghp-h 1.16 2.29 2.54 1.92 2.09
cO2, gh 355 4661 4081 3336 2600 1439 302
CO2, Qﬂ‘lp—h 526 614 746 1172 755
Fuel, Ib/h 0.92 6.30 4.36 an 2.46 2.35 3.35
Fuel, ththp—h on 0.66 0.74 1.11 0.81
DILUTE PARTICULATE
PM, g/h 0.00 0.28 0.15 0.07 0.08 0.05 0.10
IPM. glhp-h 0.03 0.02 0.02 0.04 0.03
Engine #/ run # AVERAGE | AYERAGE | AVERAGE | AVERAGE | AVERAGE | AVERAGE WEIGHTED]
11HP, Utility, CHV #2 MOOE 1 MODE3 | MODE4 MODES | MODES MODE 7 J1088
Waeighting Factor 5% 9% 20% 29% 309 7%
Adrffuel ratio 7.3 11.1 12.1 12.5 12.8 10.2 12.0
Fuel flow rate, ivh 0,92 6.24 4.48 3.33 2.42 2.35 3.36
Engine speed, rpm 1060 3600 3600 3590 3607 3593 3472
Engine torque, lb-ft Q.05 13.1 9.80 6.50 3.31 0.317 6.04
Power output, hp 0.01 8.95 6.72 4,44 2.28 0.217 4.14
Alr inlet temp, F 84.0 79 B4 83 a2 BO 82
Humidity, grains/ib 92.3 80 81 81 80 79 8t
Total engine hours, h 4.9 5.2 5.8 6.2 6.6 7.2 7.2
HC ppmc wat 56200 2320 1973 1900 2000 6233 5001
CO % wet 10.8 7.55 5.14 4.37 3.90 9.35 5.34
CO2 % wet 5.99 4.49 9.94 10.41 10.57 1.24 9.75
NOx ppm wet 5.86 200 7 5 161 42,8 245
02 % wat 1.3 0.08 0.09 (.09 0.09 0.14 0.15
J1088 RESULTS
THC, g/h 105 40.3 26.2 19.2 14.9 38.7 26.9
THC, g/hp-h 4.50 3.90 4.31 6.57 6.49
CH4, gih B8.14 .01 3.69 2.48 1.893 B.36 3.66
CH4, g/hp-h 0.78 0.55 0.56 0.85 0.88
RHC, ghh 96.8 33.3 225 16.7 13.0 30.3 23.2
RHC, g/hp-h r2 3.35 3.75 5.72 5.61
€O, ph 407 2652 1379 B89 589 117 1051
CO, glhp-h 296 205 200 259 254
{NOx, p/h 0.04 11.8 171 11.9 4.10 0.897 9.22
NOx, ghp-h 1.32 2.55 2.67 1.80 2.23
|c02, 355 4683 4193 333 2506 1426 3095
CO2, g/hp-h 523 624 750 1102 748
Fuel, b/h 0.92 6.24 4.48 33 2.42 2.35 3.36
Fuel, b/hp-h ) 0.70 0.67 0.75 1.06 0.81
DILUTE PARTICULATE
PM, g/h 0.08 0.35 0.7 0.12 0.07 0.08 0.13
PM, ghp-h 0.04 Q.03 0.03 0.03 0.03
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Appendix A-6. 12-Hp Side Valve Engine

'Enﬁne f/rund | AVERAGE | AVERAQGE | AVERAGE AVERAGE | AVERAGE | AVERAGE |WEIGHTED
12HP, Side Vaive #1 MODE 1 MODE3 | MODE4 | MODES | MODES® | MODE7 J1088
Waeighting Factor 5% Eai 20%, 29% 30% T

Alrftuel ratio 11.6 12.6 13.3 131 11.9 134 12.7
Fuel flow rate, b/h 0.87 8.50 4.99 4.19 3.52 2.48 4.07
Engine speed, rpm 1397 3500 3500 3500 3500 3467 3393
Engine torque, -t 0.26 14.3 10.8 7.10 3.51 0.26 6.54
Power output, hp 0.07 9.50 T.04 4.73 2.34 0.17 4.35
Alr inlet temp, F 1 78 83 81 T8 7 74 78
Humidity, grains/ih 83 53 50 49 52 52 51
Total engine hours, h 2.1 3.8 4.6 5.2 5.8 6.2 6.2
HC ppmc wet 15400 2200 1833 2100 3100 3400 32
CO % wet 6.60 4,47 3.01 4,03 6.36 3.89 4.68
CO2 % wet 7.43 10.1 11.0 10.1 8.70 10.1 9.74
NOx ppm wat 27.0 940 1178 §39 114 81.8 517
02 % wat 2.7 0.39 0.48 0.60 0.70 1.02 0.72
J1088 RESULTS

THC, g/h 38.8 431.9 291 27.8 32.2 26.8 31.3
THC, gMp-h 4.62 4.14 5.87 13.8 7.19
CH4, g/ 3.19 7.06 3.88 382 4.54 3.26 4.27
CH4, gmp-h 0.74 0.85 0.8 1.04 0.58
RHC, gih 35.6 36.8 25.3 24.0 27.8 235 27.0
RHC, php-h 3.88 3.59 5.06 11.8 8.21
CO, ﬂh 336 1802 967 1078 1333 618 1126
CO, ghp-h 190 137 228 570 259
NOx, gh 0.21 56.4 55.5 211 3.54 1.93 235
NOx, gihp—h 5.94 7.89 4.46 1.51 5.40
CO2, g 595 6383 5568 4244 2866 2520 3885
CO2, gihp-h 672 791 897 1225 916
Fual, ivh 0.87 6.50 4.99 4.19 3.52 2.48 4.07
Fuel, b/hp-h 0.68 0.71 0.88 1.50 0.93
DILUTE PARTICULATE

PM, g/h 0.08 0.64 0.32 0.24 o1 0.08 0.26
PM, g/hp-h 0.07 0.05 0.05 0.09 0.06
Engins #/un # AVERAGE | AVERAGE | AVERAGE | AVERAGE | AVERAGE | AVERAGE |WEIGHTED
12HP, Side vaive #2 MODE 1 MODES3 | MODE4 | MODES | MODES | MODE 7 J1088
Waighting Factor 5% 994 20% 29%| 0% 7%

Airffuel ratio 11.6 12.2 2.9 12.6 12.1 13.0 12.5
Fuet How rate, Ib/h 0.87 6.54 5.13 4.26 3.59 2.50 4.15
Engine speed, rpm 1403 3500 3500 3500 3500 3540 3398
Engine torque, b-ft 0.12 14,2 10.6 7.09 3.56 0.147 5.54
Powaer output, hp 0.03 9.47 7.07 4.73 2.37 0.099 4,36
Alt intet temp, F 72 B4 a1 80 77 75 78
Humidity, graina/th 77 €5 59 §0 58 57 59
Tota! engine hours, h 7.2 12.0 9.5 10.0 0.4 11,0 11.0
HC ppmc wet 15167 1850 1837 2200 1600 1600 2534
CO % weat 6.38 5.05 3.95 4.63 6.21 4.55 5.09
CO2 % wei .73 9.97 10.5 9.99 8.76 9.65 9.59
NOx ppm wet 295 81 924 447 116 79.3 430
02 % wat 2.55 0.48 D.58 0.68 0.80 1.1 0.79
J1088 RESULTS

THC, g'h 38.0 38.1 301 28.6 17.2 12.6 255
THC. g'hp-h .8 4.28 6.06 7.27 5.86
CH4, g/h 2.74 8.82 4.58 4.20 5.10 3.83 487
CH4 0.70 0.85 0.89 2.15 1.07
RAHC, gh 353 29.4 25.8 © 24.4 12.1 8.81 209
RHC, ghp-h 3.11 3.62 517 5.11 4.79
CO, ph 323 1989 1267 1218 1351 725 1254
CO, ghp-h 210 179 258 569 289
NOx, g/ 0.25 50.7 45.2 18.0 3.82 1.01 20.1
NOx, g/hp-h 5.35 6.40 .8t 1.81 4.82
CO2, glh 16 6171 5295 4130 2996 2419 3911
CO2, glhp-h 652 749 874 1263 898
Fuel, ivh 0.87 6.54 5.13 4.26 31.59 2.50 4.15
Fuet, hp-h 0.69 0.73 0.90 1.51 £.95
DILUTE PARTICULATE

PM, g 0.03 0.69 0.38 0.19 0.13 0.10 0.24
PM, gthp-h 0.07 0.05 0.04 0.06 0.05
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Appendix A-7. 18-Hp Side Valve 2-Cylinder Engine

Engine #/ run # AVERAGE | AVERAGE | AVERAGE | AYERAGE | AVERAGE AVERAGE [WEIGHTED]
18HP, Side Vaive, 2Cyl. #1] MODEY | MODE3 | MODE4 | MODES | MODES MODE7 | Ji088
Waeighting Factos 5% 9% 20% 29% 30% 7%

Alruel ratio 1.8 1.5 11.5 12.4 12.2 1.9 12.0 I
Fuel fiow rate, /h 1.84 125 10.09 7.31 5.87 4.79 7.45
Engine speed, rpm 1570 3500 3606 3600 3600 3667 3503
Engine torque, - 0.04 227 17.2 1.3 5.51 0.08 10.4
Power output, hp 0.01 15.6 11.8 7.75 3.77 0.05 715
A ilet temp, F 69 80 8s [ a1 82 83
Humidity, grams/ib 74 75 82 82 80 77 80
Total engine hours, h X1 101 10.7 12.0 12,6 13.2 13.2
HC ppmc wet 17600 1653 1780 1783 2650 3893 2970
CO % wet 4.75 7.05 6.80 458 5.01 5.47 5.44
CO2 % wetl 9.34 6.65 8.83 10.3 9.95 9.63 9.65
INOx ppm wet 39.4 348 257 348 134 89.4 232
02 % wet 1.33 0.08 0.09 0.10 0.10 0.22 0.17
11088 RESULTS

THC, g 92.8 59.0 51.6 29.4 46.4 54.6 49.4
THC, g/hp-h 3.79 4.37 5.08 12.3 6.92
CH4, g 5.27 13.4 2.00 5.49 5.33 7.08 6.97 _
CH4, g/hp-h 0.86 0.77 0.71 1.41 0.98 ‘
AHC. g 87.5 45.7 425 33.9 41.0 475 424 .
RHC, gihp-h 2.93 3.60 4.37 10.9 5.94
CO, ph 505 5086 3977 2042 1770 1549 2510
CO, ghp-h 327 337 263 463 as1
NGO, gh 0.6% 41.3 25.5 26.2 8.00 4.20 19.2 ;
NOx, g/hp-h 2.68 218 3.38 2.2 2.68
COZ, g 1562 9808 8119 7188 5529 4285 6628
CO2, g'hp-h 630 688 927 1465 027
Fuel, B/ 1.64 125 10.1 7.31 587 4.79 745
Fuel, b/hp-h 0.80 0.86 0.94 1.56 1.04
DILUTE PARTICULATE -

PM, _ 0.70 8.65 2.40 0.83 0.35 0.25 1.66
PM, glhp-h 0.55 0.20 0.11 0.09 0.23
Engina # / run # AVEFAGE | AVERAGE | AVERAGE | AVERAGE [ AVERAGE | AVERAGE |WEIGHTED
T8HP, Side valve, 2yt #2 | MODE 1 | MOOE3 | MODE4 | MOOES | MODES MODE 7 | J1088
Weighting Facior 5% W 20% 29% 30 7%

Alrfiuel ratio 12.2 11.4 1.6 12.5 12.2 1.4 12.0
Fuel flow rate, tvh 1.86 12.5 2.88 7.39 5.84 452 7.41
Engine speed, rpm 1627 3600 3600 3600 3600 3510 3495
Engine torgue, b1t 0.09 22.2 18.7 1.1 549 0.14 10.2
Power output, hp 0.03 16.2 1.5 7.64 3.76 0.0% T.02
Alr intet temp, F 74 86 86 86 85 85 85
Humidity, graina/ib 107 13 108 107 106 106 107
Total engine hours, h 14.4 15.6 16.3 16.9 17.5 18.1 18.1
HC ppmc wet 13967 1593 1677 1567 2253 4860 2648
CO % wet 4.05 7.04 6.56 a50] 507 7.93 5.53
CO2 % wet 9.61 8.73 9.01 10.3 9.95 7.28 9.55
NOX ppm wet 33.2 3z7 255 308 114 66.0 210
02 % wet 1.20 0.08 0.08 0.09 0.11 0.28 0.16
11088 RESULTS

THC, gm 772 56.7 47.7 35.2 39.2 63.5 449
THC, ghp-h 3.72 a7 4.61 10.4 6.40
CH4, gh 4.47 10.5 7.85 4.99 5.30 8.25 6.35
CH4, ghp-h 0.69 0.69 0.65 1.41 0.90
RHC, gh 72.7 46.3 39.9 30.2 339 55.3 38.6
RHC, 3.04 3.43 3.96 8.01 5.50
CO, gh 453 5066 3773 2042 1780 2093 2506
CO. ghp-h 333 329 267 473 357
NOx, gh 0.72 47.2 28.6 271 7.68 235 20.4
NOx, g/hp-h j ERT) 2.49 3.55 2.04 2N
CcOzZ, gh 1728 9871 8141 7315 5492 3021 6584
COZ, ghp=h 648 710 058 1460 938
Fuel, brh ] 1.88 12.5 9.88 7.39 5.84 4.52 741
Fuel, b/hp-h . 0.82 0.86 0.97 1.55 1.06
DILUTE PARTICULATE

PM, 0.32 4.30 1.67 0.67 0.5 0.35 1.1
PM, g/hp-h [ 0.28 0.15 0.09 0.13 0.16
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Appendix A-8. 5-Hp 2-Stroke WBM Engine
Engine ¢/ run # AVERAGE | AVERAGE | AVERAGE | AVERAGE | AVERAGE | AVERAGE [WEIGHTED
SHP, WBM 1 MODE1 | MODE3 | MODE4 | MODES | MODEB | MODE? Ji088
Waeighting Factor 5% 2% 2094 29 30% 7o
Alrituel ratio 7.79 1.1 10.4 10.4 11.0 10.6 10.5
Fuel flow rate, /h 0.52 3.05 2.64 2.02 1,20 0.87 1.84
Enging speed, rpm 863 3250 3250 3253 3243 3250 3135
Enging torque, —ft 0.03 4.48 3.39 2.25 1.11 0.08 2.07
Power output, hp 0.01 2.76 2.10 1.40 0.69 0.05 1.28
Air inlet temp, F 86 147 139 115 99 4 115
Hummidity, grainath 81 96 82 78 89 99 a5
Total angine hours, h 1.1 2.0 2.5 29 3.4 3.9 39
HG ppmce weat 130900 54300 53900 51833 42900 58700 54223
CO % wet 517 481 .06 6.43 5.50 . 491 574
CO2 % wet 3.26 6.28 5.77 5.62 6.69 8.7 5.95
NOx ppm wet 7.83 48.7 24.5 21.9 136 117 20.9
02 % wet 9.32 5.94 5.22 4.93 4.30 574 517
41088 RESULTS
THC, glh 143 461 ars 276 141 136 256
THC, g/p-h 187 179 198 208 199
CH4, g/ 5.82 2.39 457 5.60 264 3.74 4.40
Cii4, g/hp-h 0.87 2.18 4.0 5.29 3.43
RHC, g/ 137 458 n 270 138 132 251
RHC, g/hp-h 166 177 194 200 196
co. gh 114 791 851 692 366 230 574
CO, gmp-h 287 406 496 532 A7
NOx, g/ 0.03 1.37 0.57 0.39 0.15 0.09 0.40
NOx, gmp-h 0.50 0.27 0.28 0.22 0.31
cO2, g 113 1686 1275 949 699 454 929
c02, ghhp~-h 811 608 680 1017 724
Fuel, b 0.52 3.05 2.64 2.02 1.20 0.87 1.04
Fuel, Ib/hp-h 1.11 1.28 t.45 1.74 1,43
DILUTE PARTICULATE
PM, g/h 4.53 153 10.3 9.70 6.02 5.94 8.70
PM, g/hp-h 558 4.91 6.91 8.69 6.78
Engine # / run ¢ AVERAGE | AVERAGE | AVERAGE | AVERAGE | AVERAGE | AVERAGE [WEIGHTED
SHP, WBM #2 MODE1 | MODES { MODE4 | MODES | MODES | MODE7 | J1088
Weighting Factor 59 994 20% 299% 30%) T
Alrftuel ratio 7.31 10.9 10.4 10.3 12.4 105 10.9
Fual flow rate, b/h 0.52 3.07 2.64 1.01 1.24 0.88 1.82
Engine spesd. rpm 970 3250 3250 3250 3250 3257 3136
Engina torque, Ib-ft 0.04 4.64 3.48 2.31 1.15 0.10 2.14
Power output, hp 0.01 2.87 215 1.43 0N 0.06 1.32
Alr inlet tomp, F 85 139 134 127 95 52 15
Humidity, grains/o 84 74 72 88 70 88 T8
Total engine hours, b 4.4 4.9 5.3 57 6.1 5.4 6.4
HC ppmc wat 138067 §5600 $4100 51200 26400 60567 49735
CO % wet 5.58 4,89 6.01 8.50 5.54 5.00 5.82
CO2 % wet 327 8.7 577 5.75 6.73 6.00 5.98
NOx ppm wel 2.76 454 28.0 2.7 15.4 11.2 211
02 % wet 8.98 .83 5.27 4.74 4.25 5.82 5.09
11088 RESULTS
THEG, gh 145 468 377 258 100 141 239
THC, ghp-h 162 175 179 140 181
CHA4, 6.15 2.48 5.01 6.50 5.03 437 5.3
CH4, glhp—h 0.662 2.33 4.58 7.07 3.96
AHC, g 138 484 372 249 95 137 23|
RHC, g/hp-h 162 173 174 133 77
cO, 18 829 B46 655 422 236 583
CO, gihp-h 289 393 450 593 441
[NOx, g 0.01 1.27 0.60 0.38 0.19 0.09 0.40
NOx, ghp-h 0.44 0.28 0.25 0.27 0.30
CcO2, gh 109 1642 1278 910 806 445 046
CO2, g/hp-h 572 594 638 1133 716
Fuet, Ib/h 0.52 3.07 2.64 1.91 1.24 0.88 1.82
Fuel, bmp-h 1.07 1.23 1.34 1.74 1.38
DILUTE PARTICULATE
PM, g/h 6.99 21,9 12.3 9.67 6.24 5.37 9.83
PM, g/hp-h 7.60 572 6.74 8.77 7.44
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[Engine #/nm & AVERAGE | AVERAGE WEIGHTED
0.8HP, Trimmer #1 MODE 1 MODE 2 J1088
Weighting Factor , 10% 0%
AlsfTuel ratio 11.6 12.4 12.3
Fuel flow rate, I/h 0.33 0.97 0.9
Engine specd, rpm 2613 7200 6741
Engine torque, b-h 0.16 0.59 0.55
Powst output, hp 0.08 0.81 0.73
Alr intst temp, F 74 88 88
Humidity, grainafib 72 73 3
Totat engine hours, h 23 2.8 27
HC ppmc wet 61600 45100 46750
CO % wet 3.74 3.22 3.27
CO2 % wat | 5.76 7.25 7.10
NCOx ppm wit 13.5 92.8 84.9
02 % wet | 7.63 5.67 5.87
J1088 RESULTS
[THC, gh 58 133 128
[THC, pMmp-h 165 171
G4, gh 1.12 0.87 0.89
R4, gimph 1.08 1.22
HHC, gm . 57 132 125
RHC, php-h 164 170
CO, gh 72 192 180
CO, php-h 238 245
NOx, gh 0.04 0.91 0.82
NOx, g/hp-h 113 1.12
CO2, gih 174 679 829
C02, ghp-h 843 2857
Fuel, b/h 0.33 0.97 0.91
Fusl, bmp-h 1.2 1.24
Dit UTE PARTICULATE
[Pt gm 1.22 5.52 5.09
PM, gihp-h - 6.98 6.94
Endno fleung AVERAGE | AVERAGE WEIGHTED
0.8HP, Trimmer #3 MODE 1 MODE 2 41088
Waelghting Factor 10% 90%
Alrffusl ratio 10.2 11.2 111
Fue! flow rate, &vh 0.26 0.91 0.85
Engine speed, rpm 3300 7000 8630
Engine torque, b=t 0.09 0.59 0.54
Fower output, hp 0.06 0.79 0.71
Alr intet temp, F 73 Be 87
Humidity, grains 85 74 75
Total engine hours, h 5.4 8.0 59
HC ppmc wel 78867 48187 51337
CO % wet § 4.22 423 4.22
CO2 % wet 5.21 7.23 7.03
NOx ppm wet 12.5 73.8 67.5
02 % wet 8.03 5.14 543
J1088 RESULTS
THC, gl 54.3 123 118
THC, g/hp-h 156 162
CH4, ph 1.26 0.84 0.88
CH4, gmp—h 1.07 1.24
RHC, gh 53.0 122 115
RAMC, ghp-h 155 161
CO, gh 57.9 217 201
CO, ghp-h 276 282
NOX, 0.03 0.62 0.56
NOx, g/hp-h 0.79 0.79
cO2, gh 112 504 537
cO2, ghp-h 742 752
Fual, Ibh 0.26 0.91 0.85
[Fuel, Mp=h 1,16 1.19
[P =
DILUTE PARTICULATE
PM, gh 0.80 3.25 am
FM, ghp-h 413 4.21
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Appendix A-9. 0.8-Hp 2-Stroke Trimmer Engine

Engina #/ nm ¢ AVERAGE | AYERAGE WEIGHTED
0.8HP, Trimmer #2 MOOE 1 MOODE 2 J1088
Waeighting Factor 10% 50%

Alrfiuel ratio 11.6 11.8 1.9
Fuel flow rate, bt 0.28 0.98 .9
Engine speed, rpm 3403 7200 6820
Engine torque. -t 0.07 0.59 0.54
Power output, hp 0.05 0.81 0.73
Alr inlet temp, F 73 79 i)
Humidity, grainsb kAl 83 84
Total engine hours, h LX) 4.3 4.3
HC ppmc wet 71367 44300 47007
CO % wot 3.20 4.04 3.98
CO2 % wet 5.35 7.03 6.68
NOx ppm wet 16.0 81.8 75.2
02 % wet 8.87 5.30 5.85
J1088 RESULTS

THC, gh 579 127 120
THC, g/mp-h 157 184
CH4, gm 0.84 0.82 0.82
CHA4, g/hp~-h 1.01 1.12
RHC, g/h 571 126 119
RHC, g/hp-h 158 163
CO, g/ 52.4 234 218
CO, g/hp-h 290 295
NOxX, 0.04 0.78 0.7t
NOx, g/ihp-h 0.96 0.96
CO2, gh 138 640 589
CO2, ghp-h 791 805
Fueal, vh 0.28 0.98 o
Fuel, Ib/hp=h 1.21 1.24
DILUTE PARTICULATE

PM, g/h 0.50 2.79 2.60
PM. g/hp-h 3.48 155
[Engine #/run® " [ AVERAGE [ AVERAGE WEIGHTED
Q.BHP, Trimmaer #4 MOODE 1 MODE 2 J1088
Waeighting Factor 10% 90%

Airftuel ratio 9.9 11.5 11.4
Fuel flow rate, ib/h 0.24 0.98 0.90
Engine speed, rpm 3250 6900 6535
Engine torqua, fb-ft 0.03 0.57 0.52
Power output, hp 0.02 0.75 0.68
Alr intet temp, F " 83 82
Humidity, grains/lb 78 70 T0
Total engina hours, h 7.4 8.0 7.9
HC ppmc wel 82533 45700 50283
CO % wet 4.10 4.09 4.09
CO2 % wet 5.63 77 7.02
NOx ppm wet 12.4 73.4 67.3
02 % wet 8.10 523 5.51
J1088 RESULTS

THC, g/h 49.9 130 122
THC, grhp—h 173 180
CH4, g/h 1.18 0.78 0.82
CH4, g/hp-h 1.0 1.21
RHC, g/h 48.8 129 121
RHC, ghp-h 172 178
CO, gh 50.1 229 21
CO, ghp-h 305 312
NOx, g/ 0.02 0.68 0.81
NOx. g/hp-h 0.90 0.90
CO0Z, g/h 108 632 580
COZ, g/hp-h 842 856
Fuel, vh 0.24 0.98 0.90
Fust, &/hp-h 1.30 1.33
DILUTE PARTICULATE

PM, gih 0.56 2.53 2.34
PM, gfhp-h 3.41 3,45
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is normally used to slow the machine in tight quarters and fer changing

direction.

HAULING UNITIS, such as scrapers and bottom-dump wagons are normally designed
with a single foot accelerator. These machines operate in a variety of
conditions, varying mainly in loading methods, materials, length of haul,
grades, haul road condition (relling resistance) and whether loads are -
discharged quickly or spread in light lifts, as in finishing grading. Self-
loading scrapers - elevator or auger type - will be at or near full load and
speed during the loading function, while push-loaded scrapers will be operated
at reduced throttle, depending on ground conditions, in order to avoild tire
slippage and undue wear. The push tractor will do most of the work during
loading. Once loaded, both types will operate at highest possible speeds
during the haul portion of the cycle, again subject to rcad conditions -
grade, surface condition, traffic and length of haul. All haulers, of
whatever type, are limited as to haul distance and speed because of tire heat
limitations. Tire rating systems have been worked out, based on ton-mile per
hour, to deal with these limitations. Once again, {t would be difficult to

identify a typical work cycle for scrapers due to the variables involved.

OFF-HIGHWAY TRUCKS generally have a single, foot-operated accelerator-type
throttle control. These machines are subject to most of the same variables as
scrapers and wagons; grade, rolling resistance tire limitations, etc. Because
off-highway trucks are designed to be top loaded by a shovel or wheel-type
loader, as opposed to being self-loading, they tend to operate at higher haul
speeds over greater haul distances. Also becaugse of thelr tire design, they
operate on improved haul roads, generally, allowing for higher speed opera-
tion. Because they are designed with elther power shift transmissions or
electric drive systems, engine speeds are kept at or near maximum except for

maneuvering or during wait periods for loading and dumping.
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FRONT END LOADERS range in size from 1 to 15 cubic yards and cover a range of
horsepower ratings from 50 to approximately 600. Since these machines are
used in loading functions (a limited number may be found in so-called load and
carry applications) the cycle is of fairly short duration and the distance
travelled usually quite short. These units are employed in loading material
out of a stock plle or bank excavation, into hauling unit. Other applications -
may include sorting or classifying aggregate and charging bins or hoppers in

batch plants or paving operatlioens.

Almost all wheel-type front end loaders are designed with a foot-operated
accelerator-type throttle control. Track-type loaders will normally have a
hand throttle and a foot throttle to override the hand throttle setting.
Except in leveling or clean-up work, loaders of both types are employed in
production loading where the objective is to operate the unit at maximum
output, Wide open throttle is used during most of the work shift, except -
during maneuvering to dump the load into the hauling unit. Wheel loaders are

subject to the same tire slip and excessive tire wear problems as scrapers,
particularly where wet and abrasive underfoot conditions are present,

resultiﬁg in the need to operate at somewhat reduced throttle and load.

EXCAVATORS are designed, for the most part, with a hand throttle and the
engine speed is kept at maximum while load is a function of the work being
done by the excavator. In a straight trenching or excavating job, the unit
will operate for long periods of near full load. In some applications, such
as laying pipe, the machine will be operated at low engine speed to permit

precise control of the load.

As may be seen, construction machinery operation is widely variable. The
nature of the work largely determines the work cycle. With the tremendous
variety of machine types and the numerous attachments available, each opera-
tion is nearly unique. To select any sort of transient work cycle would be

extremely difficult. John Deere provided some numerical data on the typical
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speed settings, power range, cycle time and load factor for a range of off-
road equipment. Of particular relevance to this discussion are the cycle
times provided, as shown in Table 3-2., Cycle time is the time between two
consecutive work periods, e.g., in a front end loader, it could be the time
between two successive periods of filling the loader bucket. Typically, the
lowest cycle time provided'in Table 3-2 is 10 seconds while a more typical one
i{s in the range of 30 seconds to one minute. In contrast, on-highway trucks

have much shorter transients associated with traffic conditions.

One method to address load cycles and duty cycles lndependent of equipment
type is to examine the duty cycle on an engine speed-locad map. The throttle
control for a diesel sets the governor speed. 1In a typical "loaded-mode", the
throttle will be set to 90 or 100 percent of rated speed (full throttle). The
engine accelerates from rest to a rated-speed, rated power point. Typically,
the engine is sized for the equipment so that when the machine is working at
capacity, it absorbs all the engine horsepower available. As engine RPM
drops, the output moves down the full load "lug®” line and the equipment’s work
rate slows (with some delay due to the hydraulic transmission). As the engine
slows to near peak engine RPM (typically at 60% of rated RPM) available
horsepower 1s inadequate to_continue the work cycle, so that the operator
reverses the equipment, allowing the engine to accelerate back to rated RPM,
and start a new work cycle. As described earlier, the operator may or may not
change throttle position when backing away, depending on the type of transmis-

sion.

Another operating mode for the engine 1s when the equipment is operating
unloaded. This can happen when the equipnment is moving from one work area to
another under "no load” conditions, or, for example, in a load-and-carry work
cycle, it returns empty to the work site to pick up another load. Individual
equipment manufacturers and the EMA also stated that most off-road equipment
had high accessory loads, and that even if the equipment was operating

unloaded engines would not be operating at conditions similar to idle on off-
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TABLE 3-2
TYPICAL DUTY CYCLES

Machine Qperation Speed Setting FPower Range Cvcle Time Load Factor
Backhoe Loader Backhoe 70-100% 20-80% 10-30 sec.  30-70%
Loader 80-100% 50-100% 15-30 sec, 40-70%
Craning 40-60% 10-30% 1-5 win. 15-20%
Backfilling 60-100% 30-80% 10-30 sec. 30-70%
Transport 90-100% 80-100% 1-60 min. 60-80%
Excavator Trenching 70-100% 40-100% 10-30 sec. 40-90%
Craning 40-60% 10-30% 1-5 win. 15-20%
Transport 90-100% 90-100% 1-30 min. 80-90%
4WUD Loader Loading 80-100% 60-100% 20-40 sec. 30-60%
Trenching 80-100% 80-100% 20-45 sec. 60-80%
Transport 80-100% 80-100% 1-60 min, 60-90%
Crawler Loader Loading 80-100% 70-1008  20-40 sec. 30-60%
Trenching 80-1003% S0-100% 20-45 sec. 70-90%
Transport 80-100% 40-80% 1-30 min. 40-60%
Crawler Dozer Dozing 80-100% 60-100% .5-5 min. 60-90%
Ripping 100% 90-100% .5-5 min. 80-90%
Backfilling 60-80% 30-60% 10-30 sec. 30-50%
Transport 80-100% 40-80% 1-30 min. 40-60%
Grader Rough Grading 80-100% 70-100% 1-10 min. 50-80%
Finish Grading 50-90% 40-80% 1-10 min. 30-50%
Ripping 90-100% 8O- 100% 1-10 min, 70-90%
Snow Plowing 100s 50-100% 1-60 min. 80-90%
Transport 80-100% 80-1004 1-60 min. 60-80%
Scraper Loading . 100% 90-100% 1-3 min. 80-90%
Transport 100% 80-100% 1-5 min, 70-90%
Unloading 80-100% 70-90% 30-60 sec. 50-60%
Source: Jo e
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highway trucks. However, there may be periods such as operator breaks or
waiting for job access when the engine is idling. A schematic representation
of the operating speeds and loads during a typical working cycle is shown in
Figure 3-1.

However, the above discussion must not be understood to imply that all types
of off-highway equipment experience engine operation in medes shown in Figure
3-1. For example, motor graders will run at fairly constant intermediate
loads chac fall between the two regimes described above. Off-highway trucks
may see far more variation in load-speed settings than for most other types of
off-highway equipment. The enormous variety of equipment and use patterns

result in exceptions to any generalized rule fermulated.

The discussion does provide two insights particularly useful in formulating a
general test cycle for all off-highway applications.

e As a result of a hydraulic interface between engine and drives,
most off-highway equipment do not subject the engine to high-
frequency transients of load and speed typical of on-highway
vehicles. Moreover, the use of hand-throttles and the close
match between equipment horsepower requirements and engine size
result in operation at fixed throttle under most operating
conditions. ’

e Many, but not all, types of construction equipment usually
operate at the engines’ rated load/speed point or the full-load
"lug down" condition during the loaded part of its working cycle,
and at low load/speed conditions during the "off-load" or waiting
modes. A test procedure for off-highway construction equipment
should emphasize the high load operating points to a greater
degree than in the on-highway test procedure.

3.3 co TIONS FOR C ICATION TES CEl

The analysis in Section 3.2 has two implications. First, the on-highway
transient procedure is not representative of most off-highway engine opera-
tion, and a steady-state test is probably a preferred option. This is because

slow load-speed variations occurring over a 20 second to 60 second interval
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can be approximated well by a series of steady-state locad-speed conditions.
Second, a steady-state test for off-highway engines should have a higher
average load factor than the load-factor for the on-highway test.

The original CAL/ERT study and the Engine Manufacturer’s Assoclation concur
with this view., The original CAL/ERT study concluded that the on-highway 13-
mode test was an adequate test procedure with reweighting of the individual
modes to derive a composite emissions result. Given the extensive experience
of many engine manufacturers with the l3-mode test (which was only recently
replated with the transient test) for on-highway engines, it would be econom-

ically efficlent to transfer the test procedure to the off-highway segment.

More recently, in response to inquiries for EEA, EMA suggested an even more
simple 7-mode test procedure. The 7-mode test is essentially the 1l3-mode test
with the very low-load modes (2 and 25 percent load) and two of three idle
modes eliminated. In EEA's opinion, the need for three repeated idle modes in
the 13-mode sequence was never very well established, as typlcally in diesel
engines the idle mode i{s quite stable. Based on the engineering analysis of
typical off-highway operating conditions, EEA would concur with EMA recommen-
dations of using a simplified test procedure. Table 3-3 compares the 13-mode
test, the CAL/ERT study moéified 13-mode and the recently recommended 7-mode

test, as well as an EEA recommended weighting discussed below.

From the ARB's point of view, the comparability of emlssions results from the
different test procedures is of interest. Intuitively, it can be seen the
brake-specific emissions (g/BHP-hr) will increase with decreasing load factor.
As an extreme example, brake specific emissions at idle are infinite as the
engine produces no power but emissions are finite. Thus, as the weight factor
for emissions at idle is increased in either 13-mode or 7-mode tests, brake
specific emissions increase. In addition, combustion tends to be more
efficient at higher loads, so the brake-specific HC and CO emissions decrease

even between low load operating regimes and high load regimes. As a result,:
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TABLE 3-3
COMPARISON OF ALTERNATIVE STEADY STATE TESTS

Mode Speed Load 13-node  CAL/ERT  _EMA _EEA
1 Idle 0 6.6 5.0 15 15
2 Int. 2 8 5.0 .- -
3 Int. 25 8 5.0 .. ..
4 Int. 50 8 10.0 10 10
5 Int. 75 8 ' 5.0 10 10
6 Int. 100 8 5.0 10 10
7 Idle 0 6.6 5.0 -- .-
8 Rated 100 8 20.0 20 15
9 Rated 75 8 15.0 20 15
10 Rated 50 8 10.0 15 15
11 Rated 25 8 5.0 . --
12 Rated 2* 8 5.0 .- 10
13 Idle 0 6.6 3.0 CE LI
Composite Load Factor 40.3% 52.7% 65.0% 56.45

EMA has recommended that this mode use a 10 percent lcad factor for off-
highway engine emission tests.




measured HC/CO emissions on either the CAL/ERT l3-mode or the EMA 7-mode test
will be lower than on the on-highway 13-mode test. NO, emissions are not
expected to change significantly, as idle and low-load modes have low NO,

emissions.

In the absence of hard data on the statistical distribution of engine
load/speed operating conditions for a range of off-highway equipment, a
decision on the test-cycle and weight factors would be based primarily on
convenience and economic factors, as well as ARB's level of comfort., 1In
providing an inventory of equipment, Power Systems Research also provided EEA
an average load factor, derived principally from manufacturer supplied
information. These numbers indicate load factors in the range of 0.45 to 0,65
for most equipment types, suggesting that the EMA 7-mode load factor may be
too high. EEA concurs with EMA in its selection of 7-modes, but believes that
the welights for the lower load points should be increased. Moreover, EEA
believes that an eighth mode of rated speed at low load (2 percent) be added
to represent machines in the full throttle reverse mode with no load. Komatsu
also suggested that thils was a mode considered in their internal evaluation.
An average load factor in the range of 0.5 to 0.55 also appears appropriate,
as suggested by the CAL/ERT study. More recently, EMA has suggested that
EEA’'s eighth mode have a l;ad factor of 10 percent rather than 2 percent to
simulate accessory loads. EEA believes this is appropriate; the composite

load factor is then 58.75 percent,

South-West Research tested a IH DT-466 engine and used a range of different
welghts for the individual modes to derive composite emissions. NO, emis-
sions, as shown in Table 3-4, are only slightly affected by load factors as
idle NO, emissions are typically quite low. However, HC emissions decline
significantly as load factor increases, principally because high HC emissions
occur at low loads. CO emissions from diesels are very low and not of concern
to this analysié. Thus, HC emissions on the proposed 7-mode EMA cycle can be

30 to 50 percent lower than that measured on the 13-.-mode. Little data is
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TABLE 3-4

EFFECT OF DIFFERENT WEIGHT CYCLE ON EMISSIONS

ENGINE: DT-466B - TURBOCHARGED, DIRECT INJECTION

Composite
Description of Weighing Cycle Load Facgor
On-Highway (13-mode) .40
Proposed EMA Off-Highway .53
SWRI C-1, Track Tractor .61
SWRI C-2, Wheel Tractor .49
SWRI C-3, Wheel Loaders .62
SWRI C-4, Off-Highwaf Trucks .58
SWRI Comp. Ag. Tractor .57
EMA Comp. Ag. Tractor 1
SOURCE: CAL/ERT Study

31-16

2.03

1.38
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1.45

.99
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1.74 10.02
1.28 9.63
1.05 9.44
1.40 9.61
1.07 9.48
1.20 9.59
1.27 9.42
1.37 9.45




available on engine performance currently to set 7-mode based standards, but
this is an area recommended for further study. In summary, EEA believes that:
(1) Steady-state test procedures are reasonable for use in off-
highway equipment, as such equipment have engine loads and

throttle positions typlecally not subject to high frequency
transients

{(2) The available on-highway l13-mode steady-state test imposes too
low a load factor and includes modes that may not be represen-
-tative of off-highway engine operation

() The EMA suggestion of a simplified 7-mode test appears reason-
able Iif an eighth mode at idle RPM/typical accessory lead (10
percent) is added.

In setting standards, however, little data is avallable to support an analysis
of 7-mode or 8-mode based standards. Our analysis of standards and compliance
feasibility is based on the l3-mode cycle. If a simplified 7/8 mode cycle is
desired, ARB could invite off-highway engine manufacturers to submit 13-mode

and 7/8-mode data on the same engine, and a correlation be established so that
numerically different standards of equal stringency can be established for the

simplified test procedure.’

3.4 POTENTIA ISSION STANDARDS

As a result of the experience available in controlling emissions from on-
highway diesel engines, as well as the extensive data available on diesel
engine emissions capability for on-highway standards, it would be economically
efficient to set standards numerically equivalent to previous or current on-
highway standards. In order to maximize engine model availability for use in
off-highway equipment, EEA belleves that standards equivalent to historical or
current Federal (rather than California) heavy-duty diesel emissions standards
should be considered. The use of emissions standards equivalent to future

Federal on-highway standards is examined, but does not yet appear appropriate.

EPA followed a similar path in accepting a simplified transient ‘test for
heavy-duty gasoline engines (the MVMA cycle).
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Three levels of control stringency were chosen for evaluation. All standards

are based on l3-mode test.

Level I is the 10 g/BHP-hr HC + NO, standards in force during the 1979-1983
period. Since carbon monoxide emission levels are relatively low, any
standard, such as 10 g/BHP-hr, can be implemented as typically diesel CO
emissions are 3 to 5 g/BHP-hr.

Leve)l 1I is the 13-mode equivalent of the 1.3 g/BHP-hr HC and 6.0 g/BHP-hr NO,
standards based on the transient test that will be in force in 1990 for
Federal heavy-duty diesels. EEA developed regressions for relating 13-mode
and transient test emissions and they are as follows:

HC, = 0.17 + 1.05 HCy3

NOg = 1.70 + 0,75 NO,3
where the t subscript is for transient test emissions and 13 subscript for 13.
mode emissions. A 1.3 transient HC standard is equivalent to 1.07 13.mode HC
standard and the 6.0 transient NO, standard is equivalent to a 5.7 g/BHP-hr
13-mode NO, standard. The EEA developed regressions utilize a larger data
base than the one utilized by EPA to develop its regressions; the EPA regres-

sions are generally similar and produce equivalent conclusions.

Level 11 also envisages a phrticulace emissions standard equivalent to 0.60
g/BHP-hr transient standard. Unfortunately, transient test particulate
emissions are not.well correlated to 13-mode particulate emissions (in fact,
this was the key rationale for imposing the transient test). Little work has
been done in relating particulate emissions on the two test procedures:
however, based on a recent study of six engines tested on both transient and
13-mode tests, it appears that particulate emissions on the transient test are
always higher than on the l3-mode test. EPA, in its regulatory analysis for
the 1987 heavy-duty engine emission regulations, suggested that 13-mode
particulate emissions are typically 0.15 to 0.25 g/BHP-hr lower than transient

particulate emissions. 1In any event, a l3-mode standard of 0.60 g/BHP-hr is
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uniformly less stringent than a numerically identical standard based on the
transient test. As a first approximation, we believe that this numerical
standard should be retained, although it may be reduced to 0.4 g/BHP-hr based

on actual test data if warranted.

Level II1 is approximately identical in stringency to the proposed 1991
Federal standards of 1.3 HC/5.1 NO,/0.25 particulate g/BHP-hr. Using the
regressions, these transient test standards translate to a 1.07 HC/4.53
NO,/0.25(?) particulate standard on the 1l3-mode test. The particulate
standard would, of course, be less stringent with the l13-mode test than with a

transient test.

All heavy-duty trucks are required to meet a smoke standard for smoke opacity
equal to 20 percent in the acceleration mode, 15 percent in the lug mode and
50 percent peak smoke. The smoke standard was principally to solve a public
nuisance problem for on-highway vehicles and served as surrogate for limiting
particulate emissions until the advent of a particulate standard. One
potential rationale for a smoke standard is as a result of our recommendaticn
to adopt a steady-state test procedure for emissions testing. Since off-
highway equipment does experience some transient modes, especially the lug

mode, a smoke test may serve to limit emissions of particulate in these modes.

The EMA has objected to the-use of a smoke test for off-highway engines. EMA
comments are provided in the next subsection. If the ARB believes that there
is a significant public nuisance problem or does not yet wish to impose
particulate standards, it appears reasonable to impose smoke standards, with a
potential modification to the acceleration test as suggested by EMA. We also
note that California’s Health and Safety Code 41701 sets a 40 percent opacity
limit for smoke emissions in excess of three minutes, although EEA has learned

that it is rarely enforced for off-highway equipment.
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3.5 EMA COMMENTS ON THE SMORE TEST
In EEA’'s February 9, 1988 letter to Don Dowdall, it was indicated that the

existing heavy-duty truck engine smoke standards were chosen as potential

standards for off-highway machinery. EMA's comments are as follows:

Depending on the stringency of the particulate standard chosen, the addition
of a smoke test and prescribed standards may not be necessary. If smoke
standards were determined to be necessary, it i{s incorrect to assume that
these standards can also be applied te heavy-duty off-highway engines for

several reasons.

The power requirements and acceleration response criteria for off-highway
equipment engines can be considerably different than those of on-highway truck
engines., A truck engine is matched to a drive train sc¢ that, with the proper
low gear ratio, the torque produced by the engine is sufficient to start the
truck moving. The higher gear ratios are then used to accelerate to the
desired road speed. On turbocharged truck engines, the fuel rate during the
initial acceleration must be restricted to prevent excessive exhaust smoke.
This restricted fuel rate also limits available torque, thus making it
important that proper gear ratios have been selected for the truck. With the
wide variety of cransmissians and axle ratios available, it is possible to
match a truck engine and drive train to meet the performance needs of all

truck operators.

For off-highway machinery, however, the power demands on the engine are quite
different in that there can be very high hydraulic pump loads and torque
converter losses in addition to the power required to move the machine. 1In
order to accelerate the engine against these high parasitic loads, off-highway
.engines require fuel delivery rates designed to provide an extra boost of
power to enable acceleration against the higher initial loading. High initial
fueling for acceptable machinery operation may result in higher exhaust smoke

levels than those observed from on-highway trucks.
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Achieving the same exhaust smoke standards for off-highway engines as required
for on-highway engines could significantly degrade the useful operation for
which the equipment was designed. Overcoming this degradation would require
major design modifications to machinery drive trains and hydraulic systems.
Such handicaps could in some cases even require larger displacement engines to
enable the machine to accomplish the same work. In this case, machine cost

effectiveness and overall emission output could be negatively affected.

The current EPA smoke test cycle was derived from a truck start from rest
followed by a gear shift and then a lug down to peak torque. The initial
acceleration portion of the test cycle may be similar to off-highway equipment
engines, but the second acceleration is not representative of the operating
modes of most machines, especially those that operate at fixed throttle
settings. Therefore, EMA recommends that, if a smoke test is determined to be
necessary, the EPA smoke test be modified by deleting the second acceleration
portion of the cycle. The resulting smoke test would then be an acceleration
to full load and rated speed followed by a lug down to peak torque or 60% of

rated speed, whichever is greater.

In summary, EMA believes that it is inappropriate to apply the same smoke
standards to off-highway machinery engines that are currently in place for on-
highway truck engines. The acceleration response characteristics and duty
cycles of off-highway engines are quite different from those of on-highway
engines. For off-highway equipment engines to meet similar smoke standards
would severely compromise their ability to function effectively in the
majority of construction applications for which they were designed. Smoke
puff limiting devices could hinder the immediate power response of such
engines during critical maneuvers and lifting functions, which may adversely

affect the safety of nearby construction site personnel.
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EEA’s analysis suggests that the smoke test procedure should be modified to
meet EMA‘s objections which are appropriatei The hydraulic drive in most
construction machines does not require the second-acceleration used for the
on-highway smoke test. However, EEA does not believe that the on-highway
opacity standards are inappropriate for off-highway equipment. The certifica-
tion data for on-highway engines shows most engines meet the peak smoke and
acceleration smoke limits with significant margin. Many manufacturers
individually commented that the lug smoke standard may be the more difficult
constraint. As a result, it appears appropriate to retain on-highway opacity

standards while altering the test procedure as suggested by EMA.
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4. TECHNOLOGY ANALYSIS

4.1 OVERVIEW O ECHNOLOG UIREME

Emission control technology for diesel engines has been studied in detail
since the 1970's, primarily for emission control of on-road trucks. With few
exceptions, most of the technologies developed for on-road heavy-duty diesel
engine emission control can be directly applied to the off-highway diesel
_engine market. This section summarizes the technological requirements to meet
the Level I, 1I and III for emissions contrecl technology. In addition,
comments on the applicability of the technology to off-highway engines are

provided wherever appropriate.

Level I standards of 10 g/BHP-hr HC + NO, are identical te those in force in
the 1979-1983 time frame for Federal on-highway standards. However, the
natural uncontrolled emissfon levels for many models of engines is in the
range of 10 to 12 g/BHP-hr HC + NO, at optimum performance and fuel economy.

A review of the 1977 certificatrion list shows most engines certified at 9-12
g/BHP-hr HC + NO, even though the standard in force was 16 g/BHP-hr. For
example, all Caterpillar engine families were certified below 10 g/BHP-hr, and
all Cummins engine families below 12 g/BHP-hr, in 1977. However, there were a
few engine families in the 13-16 g/BHP-hr range. Most engines require only

the following technologies to meet Level I standards:

e low sac-volume injectors
e injector timing optimization and control

e optimization of injector fuel spray.

EEA believes that low-sac injectors are used in most off-highway engines rated
above 120 HP already, and most engines currently sold in the market rated
above 120 HP emit in the range of 10-13 g/BHP-hr HC + NO,. Smaller engines,

where there has been no attempt to develop on-highway versions, still do not
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utilize low sac volume injectors and emit in the range of 14 to 16 g/BHP-hr HC
+ NO,. With the above technological modifications in place, most engines
would certify at 7 to 8.0 g/BHP-hr NO, and 0.7 to 1.2 g/BHP-hr HC at low

mileage.

The Level II standards 1.07 HC/5.7 NO,/0.6 particulate g/BHP-hr require a wide
variety of changes. Typically these would {nclude:

e derating of peak output

¢ decreased Injector spray hole sizes

e increased injection pressure

e improvements to injection timing control and duration
e combustion chamber modifications

e turbocharging

o aftercooling

Of course, not all of these technologies are required on any specific engine.
While many engines can meet the 5.7 g/BHP-hr NO, standard in isolatiom, it is
the NO,/particulate tradeoff that makes it difficult to meet both standards
simultaneously. Typically naturally aspirated engines have a more difficult
time meeting the standard than turbocharged engines. 1In addition, small
displacement naturally aspirsted diesels have even more difficulty because the
small cylinder volume makes air utilization for combustion difficult. For
these reasons, good control of injector timing, high injector pressure and a
well -designed combustion chamber are required. Anothér option available to
some small, naturally aspirated diesels is to convert from direct-injection to
a pre-chamber type combustion chamber. Pre-chamber diesels typically have NO,
emissions in the range of 3 to 5 g/BHP-hr, but do require careful design to
meet NO, and particulate standards. Such a design change would require
significant rework of the cylinder head and fuel injection system. In 1988,
several domestic and foreign engine manufactures have certified naturally

aspirated direct-injection and pre-chamber diesels to on-highway standards
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approximately equivalent to Level Il standards. These are listed in Table
4-1.

The Level III standards of 1.07 HC/4.5 NO,/0.25 particulate g/BHP-hr are
principally far more stringent only in the particulate standard. NO, stan-
dards decline by 21 percent from level II, and at these low levels, certifica-
tion represents a significant technological challenge. The 1988 certificaction
shows several turbocharged and aftercooled engines at 4 to 4.5 g/BHP-hr NO,,
although particulate levels are typically in the 0.4 to 0.6 g/BHP-hr range,
twice the required level. One method under investigation to meet the particu-
late standard is the particulate trap or catalyst/trap. Many prototypes are
under development and some are believed to be near commercializatioen.

Extensive literature exists on particulate trap performance.

EEA is also aware that many manufacturers hope to meet Level I1II sctandards
without the use of a trap, as the trap 1s considered to be an expensive and
potentially unnecessary device by some manufacturers., In the absence of a

trap, devices that are being explored include:

e high pressure turbocharging

o very high injector pressures

o air-teo-alr aftercoolers

e variable fuel injection timing using electroniec control systems
® zero-sac injectors (valve covered orifice)

e reduction i{n piston-ring crevice volume

e lubrication oil loss control

It is possible that by 1991 some engines will certify to Level III standards
without a trap. EEA believes that these engines will be advanced, relatively
recently designed engines, such as the Cummins L10, GM-DDA Series 60, etc.,
which have limited or non-existent application for the off-highway market.




TABLE 4-1

LIST OF NATURALLY ASPIRATED
DIESELS MEETING LEVEL II STANDARDS

Trangient Test

Engine —Rating He <0 NOx_ Earticulate
(HP @ RPM)
Caterpillar 3208 165 @ 2200" 1.20 2.6 6.0 0.60
GM 6.2L% 155 @ 3600 0.42 2.2 3.2 0.54
GM B.2L 175 @ 2800 0.89 2.9 5.3 0.53
Hino HO7C-F 160 @ 3000 0.40 2.6 5.5 0.40
Nissan FE-6 160 @ 3000 0.84 3.2 5.0 0.48
IH 7.3L¥ 185 @ 3300 0.94 .- 4.7 0.50
Isuzu 6BGL 150 @ 3000 0.87 4.2 5.0 0.53

SOURCE: Draft 1988 Certification Test Results, EPA.

V' Derated from Federal version

e/ Pre-chamber diesels
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EEA interviewed the major manufacturers, who suggested that several on-highway

technelogies were inappropriate for off-highway use.

High pressure turbocharging results in an engine of given horsepower rating

having poor low speed torgue, but many off-highway engines require good low

end torque to pull against high hydraulic loads.

Afr-to-air intercooling requires an extra heat exchanger, and heat exchange
surface fouling is common in the dusty off-highway environments. Many

manufactures believe that this technology is inappropriate in several equip-

ment applications.

Electronic timing control may or may not survive in the harsh enviromnment of

off-highway use. Manufacturers are reluctant to use this technology until its

durability characteristics are well understood.

Particulate -Traps or Catalysts are not yet proven in an on-highway environ-

ment, and manufacturers do not have enough information to evaluate traps in
off-highway equipment. Concerns center around the high-load duty cycle, with
possible extended operatiom at full load on the "lug” line. This may aid in

trap regeneration, but trap durability may be adversely affected,

The technologies described above are required in combination or singly to
certify to Level IIIl standards. Manufacturers have suggested that Level III
standards are lnappropriate for the off-highway market. EEA believes that the
availability of particulate traps with efficiencies over 75 percent could
largely solva the problem of meeting Level III standards. EEA concurs with
the manufacturers concerns on durability of traps, and suggests that Level IIT
standards not be imposed until there is some experience with trap technology
on the heavy-duty truck market, (1991). The use of traps on off-highway
equipment must also conslder the packaging changes required by the construc-

tion egquipment manufacturers.




The exact nature of changes, and the costs per engine will depend on the
current status of each engine’'s emission level, and the hardware changes
required to meet the changes. This varies considerably among engines and
manufacturers. In addition, the effect of imposing emission standards on fuel
economy will -also vary. Broadly speaking, however, it is incorrect to assume
that emission standards always lead to fuel economy reduction. Imptrovements
to technology can improve both fuel economy and eﬁissions. In the on-highway
market, dlesel engines have managed to reduce brake specific fuel consumption
consistently over the years in spite of increasingly stringent emission
standards. One concept is the "fuel economy gain foregone,"” which would
specify the gain that would have occurred in fuel economy had the more
stringent standard not been imposed. Since this analysis costs technology
explicitly, the "gain foregone” {s not utilized in the analysis. Four
specific manufacturers cases are addressed in the following subsection, and

their ability to meet Level 1 and Level II standards are addressed.

4.2 ¢ STUD

An evaluation of four major manufactures of engines for off-highway construc-
tion equipment is provided; based on comments received from each manufacturer.
The purpose of this more in-depth evaluation is to highlight the differences

in costs and difficulcy in meeting standards between different manufacturers,

and the potential differences in strategies in meeting different standards.

4.2.1 John Deere

Deere is a major manufacturer of agricultural and construction equipment, and
its strengths {n the market are primarily in equipment below 120 HP. Deere
offers some equipment rated up to 290 HP, but {ts sales in the higher horse-

power categories are limited.
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Deere offers four basic types of engines, with each type having a unique
displacement per cylinder. The 300 series is offered in 3, 4 and 6 cylinder
versions in turbocharged and naturally aspirated form. Each cylinder has a
displacement of 60 cu. in. A long stroke version in fouf and six cylinders is
also offered, with each cylinder having a displacement of 69 cu.in. The 300

series in both versions accounts for 80 percent of Deere's total engine sales.

Deere also manufactures 3 other series, offered only as six cylinder models.
The 400 series with a 466 cid displacement is offered in turbochafged and
turbocharged/aftercooled versicons. The 500 series with a 619 cid displacement
is offered in turbocharged/aftercooled versions only as is the 700 series with
a displacement of 955 cid. The 400 seriés accounts for 18 percent of Deere’s
construction equipment engines, while the 500 and 700 series together account

for only 2 percent. Table 4-2 shows Deere engine specifications.

Deere provided baseline information on emission rates of each series with
different rated HP. By and large, most engines in the 300 and 400 series had
emissions of 13 te 15 g/BHP-hr of HC + NO,. The 500 series was rated at 1
HC/13 NQ, g/BHP-hr; no information was provided on the 7Q0 series.

Deere certified a turbocharged version of the 300 series - the 6-359 engine -
in 1987. 1Its transient test levels were 0.67 HC/9.1 NO, g/BHP-hr. Two
versions of the turbocharged and aftercooled 400 series are certified for 1987
and 1988, and current certification levels are 0.52 HC/8.6 NO,/0.38 particu-
late g/BHP-hr. Both certified engine lines would meet Level I standards.

The 300 series used a low-cost inlet metered rotary injection pump. Timing
retard was the principal method of NO, control on the certified engine, but
the injection pump was also modified to incorporate a light load injection
timing advance. This feature is currently available on rotary pumps with "hi-
lo" governors that are not widely used In off-highway applications which

utilize the all-speed governor. The 300 series cannot incorporate in-line

1



Jype _

300 Series

400 Series

500 Series

700 Series

TABLE 4-2

DEERE ENGINE SPECIFICATIONS

(CID)
3 179
4 239
6 359
4 276
6 414
6 466
6 619
6 955

4-8

NA
NA,T
NA,T

NA,T

T,TA

TA

TA

~30
58-69
95-110
73-105

122-148

165-205

275

290




pumps without extensive redesign of the pump gear drive, manifolds and,
possibly, the block. The construction equipment versions of the 300 series
use injectors with 0.46 mm® sac volume but low sac volume injectors are used
in the certified version. Deere stated that they were not satisfied with the

durability of the low sac injectors.

EEA believes that a modest development effort will be required to certify the
naturally aspirated versions of the 300 series to Level I standards. It is
assumed that the low sac injectors' durability problems would be solved.
Contact with Stanadyne revealed that newer models of rotary pumps could be
supplied with the light load advance feature and the all-speed governor.
Accordingly, we project that Level I standards should be attainable by the 300
series engines. Deere provided information showing that the incremental cost
of low-.sac injecters was negligible. Stanadyne representatives estimated the

cost of the timing advance feature in the range of $30 to $50.

EEA expects that it will be difficult for Deere to certify the 300 series
engines to Level II standards, unless the engines are significantly modified.
as noted in Section 4.1, several naturally aspirated engines are certified to
Level II equivalent standards, but these tend to be either modern diesels or
pre-chamber type diesels. The Deere engines are of dated design, and wé
anticipate that significant effort in optimizing combustion is required. In
addition, Deere will probably need to redesign the pump drive to accept in-
line pumps. The incremental cost of in-line pumps over rotary pumps according
to data supplied by Deere, is about $150 to $200. In addition, some horse-
power ratings of naturally aspirated engines may no longer be available,
requiring a turbocharged engine. Engine price data submitted by Deere shows
the turbocharger price increment to be $700-5750 for 300 series engines.

Engines in the 400 series are sold only in turbocharged form. The 400 series’
certified version utilizes a higher pressure in-line injector pump with an

aneroid for smoke/particulate control.  The nozzle configuration is different




to accommodate the high pressure pump, and have reduced sac volumes. EEA
anticipates that these changes can be incorporated into the off-highway
versions, so that meeting Level I standards is not a problem. Since the off-
highway 400 series engines are rated at lower power than the certified
version, it is not clear if new injection pumps are required to meet Level I

standards.

For Level II standards, the currently certified engine with turbocharging and
aftercooling appears to have relatively low particulate emissions, at the 8.0
g/BHP-hr NO, levels. It is likely that with timing retard, combustion
optimization, use of zero-sac injectors and a higher pressure injector system,
the engine will be able to meet the 5.7 g/BHP-hr NO, and 0.6 g/BHP-hr particu-
late standard. Deere suggested that the non-aftercooled version of the engine
could also meet Level II standards. While technological improvements could
improve fuel economy, the overall effect of timing retard and improved
technology may raise fuel consumption by 3 to 4 percent, in the turbocharged

engine.

The extremely low sales volume of the 500 and 700 series engines suggests that
Deere could qualify for any potential low sales volume exemption from Level II
standards. Since these engines are turbocharged/aftercooled, EEA anticipates

no problems in meeting Level 1 standards.

Deere was unable to provide specific comments on Level III standards, but
suggested that it was not advanced enough technically at this poinﬁ to
evaluate its ability to comply. Even with Level II standards, Deere
anticipates problems with its 300 series engines. It is possible that Deere

may outsource some engines at the Level II and Level III standard.

4.2.2 gaterpillar

Caterpillar engines are available for off-highway use in five different
series. The 3200 series, sold as 4 cylinder and 8 cylinder models is avail-
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able in the 70 to 200 HP range. The 3200 is a direct injection engine with a
separate injection pump. The 3300 series i{s the most widely used off-highway
engine in Caterpillar’s line and is available in naturally aspirated, turbo-
charged and turbocharged/aftercooled versions as a 4-cylinder and 6-cylinder
engine. The 3400 series 1s Caterpillar’'s on-highway truck engine, but some
versions are sold in the off-highway market. Both the 3300 and 3400 series
use advanced high pressure fuel injectlion systems operating at about 15,000
psi in comparison to the B500 psi system for the 3200 series. The 3300 series
covers ratings from 85 HP to 260 HP. The 3400 series covers rating from about
250 HP to 600 HP (in 12-cylinder form). The 3500 series is used on very large
equipment, mostly off-highway trucks and the largest of Caterpillar’s bull-
dozers and power equipment requiring 800 to 2000 HP. The 3110 series was _
recently introduced (in 1986) and covers the same horsepower range as the 3200
series. The 3110 series features an advanced unit injector system, and is
expected to replace the 3200 series, which may be phased out in the early
1990's.

Caterpillar provided data on its mix of sales over the past five year period

from which EEA estimated the following mix:

3200 series’ 3204 NA 7.5
3204 T 6.0

3208 NA 2.0

3208 T 2.5

18.0

3300 series 3304 NA 2.5
31304 T 15.8

3306 NA 6.0

3306 T 29.2

3306 TA 2.5

56.0

The last 2 digits in the series are the number of cylinders, NA is
naturally aspirated, T is turbocharged and TA is turbocharged/after
cocled.
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3400 series 3506 T 6.0
3406 TA 2.5
3408 T 6.1
3408 TA 2.5
3412 T 2.0
3412 TA

Ek:

All other engines account for less than 6 percent of Caterpillar off-highway
sales. Caterpillar provided the emissions based on aspiration for all of

their current engines. They are:

e Natural aspirated - 1.5 HC/5.5 C0/9.0 NO,/0.7 Particulate
e Turbocharged 0.6 HC/2.0 CO/9.0 NO,/0.3 Particulate
e Turbocharged/aftercooled 0.4 HC/2.6 CO/8.0 NO,/0.4 Particulate

Clearly, the turbocharged engines are already in compliance with Level I
standards. From the above figures, it appears that about 18 percent of
Caterpillar’s engines are naturally aspirated. These would require some
modest modifications to attain Level I standards. Caterpillar has certified
the 3200 NA series to meet Level I standards for several years. However, the
3300 NA engine has not been certified so its performance is not clear. EEA
believes that given the high technology level of the 3306, it should have no
difficulcty in attaining Level I standards, simply through modest timing

optimization.

To méet Level II standards, Caterpillar can utilize existing calibrations for
off-highway engines extensively. Table 4-3 lists the certified levels of 1938
or previous model years for equivalent engines. Data from 1977 engines show
that on the 13-mode test, Caterpillar 3300 and 3400 engines were meeting or
close to meeting Level II standards without aftercoolers, although particulate
emissions are not known. EEA believes that technological improvements to the
combustion chamber and the incorporation of high pressure injection systems
over the past decade has placed the turbocharged non-aftercooled engines at or

below Level II standards. The only engine that may have difficulty with Level
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TABLE 4.3

EMISSION LEVELS OF 1988 CATERPILLAR ON-HIGHWAY ENGINES

ENGINE

3200 RA

3200 T

(1977)" 3300 T

3300 TA

(1977)" 3400 T

3400 TA

(1977)°3408 TA

(transient test emissions in g/BHP-hr)

165

240

250

300

325

425

450

Results from
avalilable.

1.20

0.80

2.6

1.6

1.0

4.5

1.5

2.0

1.0

~NOox

6.0

5.4

6 HC+NO,

5.8

7 HC+NO,

6.0

6 HC+NO,

Par ;Lgu],ate

0.60

0.48

n/a

0.486

0.15

n/a

1977 certification on 13-mode steady-state test., n/a is not
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IT standards is the Caterpillar 3300 naturally aspirated series. The 3300
series is also available in pre-chamber form and Caterpillar provided informa-
tion on the emissions level of these engines as being at 0.2 HC/1.5 CO/5.5
NO,/0.5 particulate g/BHP-hr. The pre-chamber engine, however, results in a

significant fuel economy penalty in the range of 15 percent.

Caterpillar is planning to attain Level III equivalent emissions for their on-
highway engines through the use of particulate traps and electronic timing
controls, as well as extensive improvements to the combustion chamber. 1t
already utilizes air-to-air aftercﬁolers in most of ics 3306/3406 line
certified for on-highway use. Section 4.1 discussed some of the difficulties

with using air-to-air aftercoolers and electronic controls on off-highway

engines.

Caterpillar did not provide separate data on the 3500 series and 3110 series.
Sales volume of the 3500 seriles is likely to be so low that it may qualify for

any possible low volume exemptions,

The 3110 series is a modern engine that has better emission characteristics
than the 3200 series. EEA believes that the 3110 series may be close to
meeting Level III standards in turbocharged/aftercooled form without a trap.
This observation is based on Caterpillar staff comments but no data is
publicly available on the lowest emissions achievable by the 3110 series.
Level I and II standards for both naﬁurally aspirated and turbocharged engines

should be possible given the performance of the 3200 series.

Since most Caterpillar engines are already complying with Level I Standards,
there are no variable component costs associated with meeting the standard,
For Level II, Caterpillar will probably have to upgrade its turbocharged non-
aftercooled engines, but here again, timing optimization, some degree of
derate and improvements to combustion chamber shape (piston bowl) will be the

primary methods. We anticipate no increased variable costs i{n such cases.
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Fuel economy on the engines will decline by 3 to 5 percent, compared to
existing (Level I) engines. We anticipate no decline in the fuel economy of
aftercooled engines, consistent with Caterpillar’'s on-highway engines.
Caterpillar’s naturally aspirated 3300 series could potentially be changed to
a pre-chamber configuration, with a fuel economy'loss of 15 percent. Given
that several naturally aspirated diesels are meeting Level II equivalent
standards, this is probably a remote possibility. In individual cases,
Caterpillar could substitute a turbocharged engine for an existing naturally
aspirated engine, or an intercooled engine for one without an intercooler.
Based on list prices supplied by daterpillar. a turbocharger on a 3200 series
engine adds $1,000 to the cost, while an intercocoler adds $600. In such
cases, fuel economy could improve 5 to 10 percent, even with the emissjion
reduction. In summary, Caterpillar engines appear to be capable of meeting

Level I and Level II standards wich available technology.

4.2.3 Cummins

Cummins offers 5 series of engines for off-highway use. The B-series engines
cover the 75 HP - 180 HP range and are built by the Cummins-Case joint
venture. The engine is a direct injection diesel with a Bosch-type in-line
fuel pump, and is available in 4 and 6 cylinder form. The C-series is
available only as 6 cylind;r in ratings from 150 to 240 HP. The C and B
series diesels are used {n medium- and light-heavy trucks respectively. Both
engines are of recent design and have come into production in the 1984-1985
time frame. The Cummins NH-855 series was the mainstay of its on-highway
engine line-up, and has recently been supplemented by the L-10 engines. Both
engines cover the 240 - 480 HP range, but the L-10 {s typically used in the
lower horsepower categories. Both engines use unit injectors with a unique
Cummins fuel injection system. The K and KV series of engines are used in
applications over 450 HP to about 800 HP. Cummins also offers some models

producing over 1000 HP.
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Although Cummins did not provide an estimate of sales by engine type, they
provided EEA data that allowed us to estimate the total sales in off-highway

use. Our estimates are as follows:

—% Shaxe =~ 3 Turbocharged
B and C series 50 ac _
NH855/L-10 _ 30 80
K/XV 10 100 -
All Other 10 ' 75

The distribution is similar te that for Caterpillar, since 18.5 percent of

Cummins engines are estimated to be naturally aspirated.

Since most of the engine lines are new, they can all easily meet Level I
standards. Except for the naturally aspirated engine lines, most can meet
Level II standards as well. The 1988 certification levels are shown in Table
4-4, As can be seen, a large majority of Cumming diesels can easily meet
Level II standards with existing hardware. In addition, Cummins certified a
naturally aspirated NHC-250 in 1977 at 8.0 g/BHP-hr HC + NO,, relatively close
to the Level II standard proposed, although particulate emissions are not

available for this engine.

Given the advanced and modern state of most of Cummins naturally aspirated

diesels, EEA believes that timing retard and timing optimization are likely to -
be adequate to meet Level II. As with Caterpillar, we anticipate some engines

moving from natural aspiration to turbocharged configuration to meet standards

for specific horsepower ratings.

Cummins provided a price list for engines, but even ostensibly identical
engines were priced very differently for the truck and construction equipment
markets. Cummins provided one comparison of the on-highway NTC-400 and -

construction equipment NTA-855-C400. Hardware differences are miner, and NO,
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TABLE 4-4

CUMMINS 1988 ON-HIGHWAY ENGINE EMISSION LEVELS
{transient test emissions in g/BHP-hr)

]

ENGINE He.  _HC L0 —NOx
5 Se;ng

4B3.9 T 105 0.70 .- 4.8
4B3.9 TA 120 0.43 -- 4.4
685.9 T 160 0.43 -- 5.2
6B5.9 TA 180 0.87 -- 4.3
C-Series

6C8.3 T 210 0.50 4.6
6C8.3 TA 250 0.71 -- 5.7
Qther

L-10 Ta 350 0.31 -- 5.4
NT855 TA A 0.51 .- 5.0
K19 TA 600 0.55 -- 7.6
NHC N 250 - -- -- 8.0 HC+NO,
(1977

N - naturally aspirated
T - turbocharged
TA - turbocharged/aftercooled

Particulate

n/a

Results from 1977 certification on 13-mode test. n/a 1is not available.
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emissions are near identical, but the on-highway version was priced $2000 more
than the off-highway. The prices include application specific options that
may have been different for the two engines. As a result, we are unable to
specify costs for Cummins engines, but believe that costs should be generally
similar to those for Caterpillar. (Pricing actions are considered in Section
7.) In summary, Cummins engines are probably already in compliance with Level
I standards, and are capable of meeting Level II standards with available

technology.

4.2.4 Komatsu

Komatsu offers a wide variety of engine lines, although sales are generally

concentrated in the following five engine lines:

95 Series - 65 HP to 147 HP
105 Series - 100 HP to 190 HP
125 Series - 230 HP to 375 HP
140 Serles - 400 HP to 500 HP
170 Series - 550 HP to 1500 HP.

The 140 and 170 Series are 100 percent turbocharged, while the 95 Series is
principally naturally aspirated. The 105 and 125 Series offer a mix of
naturally aspirated and turbocharged models. Komatsu also offers two pre-
chamber type diesels, the 94 Series and the 130 Series (in &4-cylinder form).

In addition, Komatsu offers a "rurbulence chamber” version of the 95 Series,

Komatsu provided emissions data on each engine at several different ratings
and injection timing settings. The engines are very sensitive to injection
timing; for example, one engine - the SA6D-125 - at a timing of BTDC-20°
produced 20.8 g/BHP-hr HC + NO,, and at a timing of BTDC-16° produced less
than 7 g/BHP-hr HC + NO,. It was not clear from their submission as to which
engine was used, although the 20.8 figure was an isolated and extreme case.
Most other engines in the 953, 105 and 125 Series appeared to have HC + NO,
emissions in the 9 to 13 g/BHP-hr range. The 140, 155 and 170 Series typ-
ically reported HC + NO, emissions between 15 and 17 g/BHP-hr.
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However, the emissions capabllity of the engines are much better than the
results reported. Komatsu, in a letter to EEA, stated that Level I standards
could be attained by all engine through timing modifications alone, for a HC +
NO, level in the range of 7 to 9 g/BHP-hr. EEA estimates that those standards

are attainable at little or no variable component cost increment.

Komatsu also stated that Level 1I standards could be attained with the

fellowing technologles:

e Injection timing retard
e Use of electronic timed injection retard
e Use of high pressure injection pumps
e Improved combustion matching by using
- lower swirl ratlo
- smaller hole diameters in injector nozzle

- alr-to-air intercoolers or dual circuit intercocolers.

Komatsu provided data, based on the transient test, on several engines in the
105, 125 and 140 Series. These data indicated emission levels ranging from
6.5 to 8.5 g/BHP-hr NO, and 0.25 to 0.7 g/BHP-hr particulate. As with other
manufactures, we anticipate that Komatsu's principal problems in meeting Level
IT standards will be with their small displacement naturally aspirated
engines. The exlstence of a low emhssion swirl chamber 95 Series line
indicates that Komatsu may opt for replacing the direct injection 95 Series

with the swirl chamber version,

Komatsu also offers naturally aspirated 105 and 125 Series engines in their
smaller crawler loaders, crawler dozers, wheel loaders and excavators. These
engines may have problems with meeting Level I1 standards.- Komatsu currently
offers the pre-chamber 4D-130 in some models, and it is possible that the 95
or 130 Series may be substituted for the 105 and 125 naturally aspirated

engines.
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Komatsu did not provide cost estimates of the pre-chamber engines nor an
estimate of fuel economy. EEA believes that pre-chamber and direct-injection
engines are approximately equal in cost, but there is a fuel economy penalty
assoclated with the pre-chamber engine of about 12 to 15 percent. For the
very large engines over 850 HP, Komatsu stated the high pressure fuel injec-
tion pumps were unavailable and too expensive to be designed for the low
volume application. Komatsu's statements indicate that they will be able to
comply with the proposed Level I and Level II standards with available
technology. Komatsu also stated that they could not provide comments on these

Level III standards at this time.

4.3 AGGREGATE VARIABLE COS c ES_FO Us

In this section, aggregate industry-wide variable costs to meet Level I, II
and IIl standards are estimated. The assumptions behind the aggregate cost
estimates are (1) that the four case studies cover the range of technological

variation in industry and (2) the sales of engines are distributed as follows:

HP Catepgory $ Turbocharged $ Total Market
50-120 60 50
120-240 . 80 40
240-480 90 9

480+ 90 i

*
This section alsc covers only these price increases associated with new
additional hardware. Research and development costs as well as certification
costs are considered in Section 7. These costs are typically expenses in the

yvear that they occur and not assoclated with specific products.

4.3.1 Level I Standards

Industry indicates that most larger engines in 120 to 480 HP category are
close to or are already in compliance with Level I standards. EEA believes

that this is largely true for major manufacturers other than Deere and
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Komatsu. The case studies indicate that most manufacturers will meet Level I
standards by i{njection timing optimization and the use of low sac injectors.
In some equipment, {such as Deere’'s 300 Series) which uses rotary injection
pumps, light load timing advance mechanisms may be required. No variable cost
is associlated with timing optimization. We have conservatively estimated the
50 percent of all engines will need improved injectors at $10 per engine and
20 percent of all engines may need some light-load advance mechanism for
injection timing at $50/engine. The average price increase associated with
hardware changes 1s, therefore, $l14. This price does not include the price
effects of R&D and certification cﬁst, which are treated separately. A fuel
economy loss of 3 percent is expected for approximately half the population,

for a weighted effect of 1.5 percent.

4.3.2 Level ]I Standards

At this level of contrel, it i{s believed that many naturally aspirated diesels
will require significant changes to meet the standards, In some cases, a
naturally aspirated diesel will be replaced by a turbocharged diesel and some
turbocharged diesels by turbocharged/aftercooled diesels.. 1In almost all

cases, a variety of changes are required to meet Level II standards including:

e combustion chamber bptimization
e increases to injection pressure

e Iinjection timing control.

Unless manufacturers change to a more expensive injection pump, the changes
listed above are a result of research and development, and generally do not
involve increased component costs. For exahple, the price of piston is not
affected by the exact dimensions of the combustion chamber in the piston bowl,
In some cases, as with Deere, the use of high pressure injection pump may
require changes to the pump drive gears and mounts to handle the extra load.

Again, these involve design costs but variable costs are hardly affected.




Based on data supplied by Deere, changes to the injection pump to a high
pressure in-line pump from a rotary pump can increase costs by $300-$400.
Most heavy-duty engines already feature in-line pumps and the change is
required for about 10 percent of the market (mostly Deere 300 Series).
However, increasing in-line pump pressure from about 9000-10,000 psi to
14,000-15,000 psi with suitable adjustments to Iinjector lines and i{njectors
can impose costs of $100 per engine. We have assumed that 50 percent of all
engines will require this change. We have alsoc assumed that 10 percent of

. engines will be turbocharged (decreasing naturally aspirated engines from 29 -
percent to 19 percent), and 10 percent of turbocharged engines will be afrter-
cooled (increasing aftercooler penetration from about 20 percent to 30
percent). Increased use of turbocharging and aftercooling are occurring in
the industry even without the instigation of emission regulations, and it is
not clear if the price effects of turbocharging and intercooling should be

allocated to standards.

The interaction of new technology, cost and fuel economy impact is vividly
illustrated by considering the aftercooler, which represents a significant
NO,/particulate control technology. An air-to-air after cooler reduces both
NO, and particulate at any given injection timing. Clearly, manufacturers can
choose lower cost technologies to meet NO,/particulate standards such as
injection system improvements, turbocharger improvements and timing retard,
and suffer a fuel economy penalty of 4 to 5 percent. However, they can
incorporate an air-to-air aftercooler (ATAAC) and balance the fuel economy
penalty. At current NO, certification levels of 7.5 to 8 g/BHP-hr, the ATAAC
provides a 2 percent fuel economy gain; at 1988 low mileage target NO, levels
of 4.8 to 5.0 g/BHP-hr, there is little or no fuel economy loss in comparison
to water-aftercooled engine at 7.5-8 g/BHP-hr. However, the fuel economy gain
associated with the ATAAC at 1988 emission levels {s nearly 5 percent, and is
the foregone fuel economy associated with the ATAAC. -

4-22




Fleetwide price increases are as follows:

Jechnology Cost ($) Market (%) |VWeighted Price ($)
In-line pump 300 10 30
High pressure pump 100 50 50
Turbocharging 1000 10 100
Aftercooling 600 10 60
Total 240

The net weighted cost is $240, which represents the incremental price over
Level 1 standards. Again, this does not include the weighted price effects of

increased R&D and certification costs, discussed in Section 7.

Net fuel economy losses for turbocharged engines is on the order of 4 to §
percent, while for naturally aspirated engines, it is about 5-6 percent, On
those engines which are converted to turbocharging or aftercooling, fuel
economy can be expected to increase by 8 percent and 2 percent respectively.

The fleetwide fuel economy losses are as follows:

Engine Type $ Fuel Economy loss % Market & Weighted F/E Loss
Naturally Aspirated(NA) 5 to 6 19 1.0
Turbocharged (T) 4 to 5 61 2.7
NA converted to T . (8) 10 (0.8)
Intercooling Added (2) 10 0.2

Total 2.7

Hence, net fleetwide fuel economy loss is estimated at 2.7 percent. This
should be treated as a "gain foregone” because other improvements to diesel
engines unrelated to emission standards, such as friction reduction, may

result in actual fuel economy increasing, even if standards are imposed.

4.3.3 Lev Standard

Attainment of these standards has not been extensively analyzed by the off-
highway manufacturers. It i{s likely that a significant fraction of off-

highway engines will require particulate traps or catalysts, as well as
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advanced timing controls (either electronic or mechanical) to meet these
standards. A related issue of concern is the fact that engines are certified
separately from equipment, and different engines can be utilized in the same.

equipment type. In addition, packaging of the trap or catalyst would vary by

equipment type.

There is considerable disagreement about the costs of a trap. EPA has
projected costs to be U.S5. $457 for a LHDDE®, U.S. $553 for a MHDDE and U.S.
$661 for a HHDDE®. Manufacturer estimates aré higher by a factor of 2 to 5
times EPA estimates. Such large differences cannot be explained by differ-
ences In assumed dealer or profit margins. As an example, Ford, IH and GM
estimacred trap costs for a MHDDE to be U.S. $2200, $2080, and $2300, respec-
tively. If one assumes that these estimates were arrived at independently,
they are remarkably consistent. Costs for the HHDDE's ranged from U.5. $2800
to $7000, with most values lying between $3000 and $4500. GM supplied an
estimate of U.S. §$575-900 for LHDDE traps. Clearly the M- and H-HDDE cate-
gories are the ones with the largest disagreement in cost estimates. Since
there are no traps available commercially, an informed judgement about the
trap costs is difficult. Some of the variation is undoubtedly due to tech-
nology differences, as some traps have separate regeneration devices while
others use catalytic action for regeneration. An independent consultant to
EPA estimated costs of the ceramic trap with a burner system for regeneration
at U.S. §624, $800, $1320 for light, medium and heavy-heavy engines respec-
tively.

EEA believes that costs of the medium and heavy classes are underestimated by
EPA. Based on historical relationships between manufacturer estimates and
actual price changes, estimate of retail price increases for the S0 to 120 HP
segment is about $2000 for the trap alone, and for 240-480 HP segment, is

-

LHDDE, MHDDE and HHDDE stand for light-, medium- and heavy-duty diesel
engines respectively, which are approximately comparable to the 50-120 HP,
120-240 HP and 240-480 HP categories, respectively.
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about $4000. Costs of meeting the NO, standard may add another $500 to $1000
due to the Inclusion of an aftercooler of the jacket-water or alr-to-air
type.The costs quoted above are very approximate, but should be much better

quantified in the near future.

4.4 RETROFIT

The ARB also instructed EEA to address. the 1lssue of retrofitting existing off-
highway diesels. Clearly, the best opportunity for retrofitting the diesels
comes at the time of rebuild. At this time, no economic penalty in terms of
downtime or unnecessary replacement of parts occurs. Industry sources
indicated that a typical off-highway diesel is rebuilt after 6000 to 9000
hours of service, which translates to 5 to B years after the engine is placed

in service.

In a typical rebuild, injectors, plston rings and cylinder liners are
replaced, valves changed and the injectlion pump is.cleaned and reset (some-
times it is replaced by a rebuilt unit). However, the camshaft and crankshaft
are generally not given any service at the time of rebuild. A second rebuild
at 12,000 to 16,000 hours of use may occur, at which time pistons and camshaf:‘

may be replaced.

As noted, Level 1 standards will generally require only changes to injection
timing and the use of low sac injectors. Both changes are easily accomplished
during rebuild. 1In our interview with construction firms, we were informed
that a large majority of construction firms depend upon the deale;ships for
all rebuilds. It would be relatively easy for manufacturers to direct dealers
to rebuild the engine with the new timing specification, and make only the low
sac injectors available. Over the course of a decade or so, manufacturers
phase out old engine lines and bring in new engines. For discontinued engine
lines, 1t may be difficult for manufacturers to design retrofit kits to meet
Level I standards. In addition, most engines underge evolutionary changes

that may result in incompatibility of part sizes. For this reason, exemptions

4-25




to the retrofit requirement for older engines (e.g., over 10 years old) or for
discontinued engine lines, may be needed. In some cases, it will be necessary
to exchange an older injection pump design with a newer type, as with one

incorporating timing control.

Retrofit to Level II standards will be much more diff{cult. as noted, changes
to the combustion chamber, valve timing and compression ratio may be required
as well as a newer high pressure fuel injection system. Typically, these
changes would require a new camshaft, pistons, injection pump, injectors and
injection lines. Retrofit of turbochargers and intercoclers may be required
in some instances. Such an extensive retrofit is generally not feasible,
although it may well be possible for some engines. A regulation requiring all
rebuilds to Level II standards is clearly infeasible, but the ARB may wish to
pursue the possibility of rebuilding some sub-category of engines to meet
Level Il standards. This would require an engine by engine analysis of
required changes and suitability for retrofit. EEA recommends that the ARB
request specific manufacturer comments on the feasibility of this action for

some specific high volume engine lines.

4.5 USE OF ALTERNATIVE FUELS

One potential method of reducing emissions is to change the fuel type 'used in
the engines. Both compressed natural gas (CNG) and methanol have been
suggested as possible alternatives. In one respect, both fuels are poorly
suited for diesel engines - they have low cetane numbers and require that the
compression ignition engine use some type of combustion assistance. The
potential for both alternative fuels is briefly summarized, although the focus
is on methanol for reasons described below. We note that the discussion is
not exhaustive, as the ARB is currently sponsoring other work on the use of
CNG and methanol that will offer a far more comprehensive analysis. However,
this section provides some insight into special factors to be considered for

the off-highway market.
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4.5.1 CNG Engines

Many existing diesal.engines have been converted to CNG use. For example,
Caterpillar offers a CNG version of the 3406 for use as a stationary diesel.
The conversion to CNG involves the changing of the combustion process to that
of a spark ignition engine. 'Typical large direct-injection diesels have
compression ratios of 16:1 to 19:1. CNG in a spark ignition engine cannot use
such high compression ratios(CR), so the CR is lowered to 13:1 to 15:1. In
addition, the intake manifold must be changed and a spark ignition system
added. After conversion, the CNG engine resembles the standard spark ignition
engine operating on CNG. It loses some efficiency at part load due to
throttling losses absent in the diesel, but full load efficiency is very
similar to that of a diesel. Typlcal of a spark-ignition engine, particulate
emissions are very low, and HC emissions are mostly unburned methane, which
has low photochemical reactivity. However, NOx emissions of 4 to 6 g/BHP-hr

are typical, even with lean operation.

Operationally, the largest difficulty associated with CNG is on-vehicle
storage. Large high pressure tanks are the usual method of storage but the
tanks become extremely bulky if off-road equipment is required to operate for
8 to 10 hours, as is expected for diesel equipment, without refueling. Tank
filling also requires high pressure compression equipment, and is a slow
process. Pre-filled tanks can however, provide "fast-fill" of on-board tanks.
The use of high pressure on-board tanks in the rough construction environment
may pose safety threats that would require careful redesign of equipment to
house the tanks in a shielded area on the vehicle. Little research has heen

done in these areas to date.

The lack of significant NOx emissions benefits, the difficulties associated
with on-board storage and the problems of on-site refueling has led to little
interest in substitucing CNG for diesels in off-highway vehicles. There are
obvious benefits for HC and particulate emissions. Should the ARB wish to

pursue CNG as a possible emission control strategy, it would have to encourage
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new research into the area to solve the problems described above. None of the
problems appear to be intractable, but the R&D and commercialization phase

will result in a lead time of about 10 years for commercialization.

4.5.2 Methanol

Three methods have been utilized to overcome the effect of methanol’'s low

cetane number for use in a diesel (compression-ignition) engine. They are:

e addition of ignition improvers to methanol
e dual-injection or pilot injection

e spark lgnition of alcohels.

Methanol (and ethanol) with ignition improvers can provide satisfactory
performance in a diesel engine with adequate quantities of ignition improvers.
Typical improvers that have been explored are cyclohexyl nitrate, isopropyl
nitrate and isoamyl nitrate. These improvers are explosive and some are -
corrosive as well. A significant quantity of the ignition improver ls needed
to increase cetane numbers to acceptable levels -- ranging from 10 to 25
percent of the total fuel volume. More recently, ignition improvers based on
dimethyl ether have been shown to be effective with methanol at concentrations
ranging from 2 to 4 percent by volume. However, costs of such additives are
still prohibitive. Researchers have pointed out that rated cetane numbers of
alcohols with ignition lmprovers are not representative of the actual charac-
teristics of the fuel, and the current cetane rating method used for diesel
fuel is unsultable for alcohols. Limited emission testing of ethanel with -
ignition improvers in Brazil has shown the potential for a 40 to 60 percent
reduction in HC as measured by the FID and a 20 to 40 percent reduction in
NO,. However, there is only limited data on emissions from engines calibrated
to meet U.5. emission standards using methanol with ignition improvers as a
fuel.

Dual injection or pilet injection relies on the introduction of a small

quantity of diesel fuel injected separately to initiate the ignition process.
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The engine requires two separate injection systems, which adds considerably to
cost and complexity. The amount of diesel fuel injected to maintain ignition
varies as function of load and ranges from less than 10 percent (by energy) of
total fuel required at full load to 40 to 60 percent at low load or idle.
Volvo developed an engine (with dual injection) in the late 1970's and it was
tested by EPA. HGgp emissions, uncorrected for FID response, increased by
100 percent (as measured on the EPA Transient Cycle) over an equivalent diesel
fueled engine and CO emissions increased over 300 percent. Unburned alcohols
(which ére the overwhelming fraction of total organics) were measured at 4.9
g/kw-hr, and aldehydes at 250 mg/kw-hr. In comparison, aldehyde emissions
with diesel fuel was 14 mg/kw-hr. NO, and particulate emissions declined by
about 35 percent, relative to a diesel-fueled engine. In conjunction with an
oxidation catalyst, both HCfp and CO emissions were reduced substantially to
levels equal to or below that of the diesel engine, but aldehyde emissions

were not reduced at all.

The spark-plug and glow-plug assisted {gnition method have received more
attention recently. A "spark-assisted" compression ignition engine developed
by M.A.N. is being extensively tested by California and the U.S. EPA. The
engine is based on an existing M.A.N. diesel engine and was specially modified
with spark plugs. The engine uses an oxidation catalyst to reduce emissions
of unburnt methanol and aldehydes. Detroit Diesel Corporation (DDC) has alse
developed a modified diesel engine capable of running on pure methanol. At
low loads, the DDC engine uses glow plugs to achieve ignition. At higher
loads, the intake temperature and pressure are controlled electronically to
achieve conditions for autecignition. The DDC engine does not yet utilize a

catalyst.

The M.A.N. and DDC engines have been refined over the last two years. Data
presented by DDC in 1988 has shown the latest version of the methanol 6V-92
engine to have very low NOx and particulate emissions. DDC reported NOx

emissions of about 2 g/BHP-hr and particulate emissions of less than 0.1
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g/BHP-hr. M.A.N. has reported somewhat higher values, although further
optimization work is in progress. Caterpillar has also converted the 3306 and
3406 diesel engines to glow plug operation with methanol, and has reported NOx
emissions of about 3 g/BHP-hr and particulate emissions of 0.15 g/BHP-hr. A
wide variety of diesel angine manufacturers have been experimenting wich
methanol. Table 4.5 provides a listing of manufacturers active in the off-
highway markets who are experimenting with methanol. As shown in the table,
the vast majority seem to prefer the glow plug or spark plug approach to
combustion. Most reports indicate a 50 percent reducticn from the equivalent
diesel engine’'s NOx emissions, virtually no smoke emissions and particulate
emissions in the 0.1 to 0.15 g/BHP-hr range. The particulate is thought to

arise from unburned lubricating oil, and could be further reduced.

While the emissions of methanol engines have been generally good, there are
many problem areas. Aldehyde emissions are approximately twice the level of
emissions from diesel engines, and their control to low levels may require a
catalyst. Serious durability problems remain, and significant progress is
required before methanol engines can be commercialized. The DDA engine was
tested in San Francisco and experienced a wide variety of component failures,
including failures of the glow plug, cylinder head cracking, injector tip
fouling and blower control .-failures. Caterpillar also reported glow plug
failures, fuel injector nozzle plugging, and nozzle tip breakage. Japanese
manufactures such as Nissan have reported similar failures. In addition, fuel
economy on an energy basis has been found te be 5 to 20 percent worse than the
equivalent diesel engine of the same power. This is thought to be because of
poor part-load combustion, and the power needs of the glow plug/spark plug

system,

For off-highway construction equipment, there are two other significant
factors to be considered. First, most manufacturers have concentrated on
relatively large diesels (of over 240 HP) for conversion to methanol. With

the exception of Komatsu, manufactures have done little with the smaller
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- Manufacturer

— Detroit Diesel

Caterplllar

Deutz

Navistar (IH)

Nissan

Isuzu

Cummins

- Komatsu

TABLE 4-5

METHANOIL. COMPRESSION IGNITION ENGINE RESEARCH

6V-92TA

3306T

JLO6TA

F8LA13F

DT466

PE6H

1ll:iiter/6 cylinder

NTC8355

4D95L
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Glow plug and intake
air temperature control

Glow plug

Glow plug

Glow plug

Surface ignition

2 spark plugs

Spark plug

Cetane lmprover

Spark plug




diesel engines that account for high sales volume in the off-highway market.
Second, off-highway construction equipment is usually fueled only once a day
by a fuel truck that arrives at the construction site. The low energy content
of methanol and the reduced energy economy requires that methanol fueled
equipment have a tank about 2.5 times as large as the diesel. This would
necessitate redesign of the equipment to accommodate the large tank. Both
Komatsu and Caterpillar have installed methancl compression ignition engines
in off-highway equipment. Except for the refueling requirement, the perform-
ance of the engines has been satisfactory and operators were generally unable
to perceive any differences from the equivalent diesel engine. Of course, all
problems associated with methanol use in the on-highway segment, such as
engine durability, fuel availability and fire safety are common to the off-
highway market as well.

In summary, methanol conversion offers the potential to meet and exceed Level
III emission requirements by a significant margin. However, the status of
technology development relative to the off-highway market suggests that it is

a solution for the post-1995 time frame.
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5. REGULATORY STRATEGIES

5.1 EMISSIONS REGUIATIONS

While the Districts are responsible for controlling air pollution from all
sources other ﬁhan motor vehicles, Californla Health and Safety Code Sections
39002 and 39500 provide that the ARB has the responsibility for contrel of
emissions from motor vehicles. The definition of motor vehicles may be found
in Health and Safety Code Section 39039, which references the Vehicle Code.
"Motor Vehicle" is defined in Vehicle Code Section 415; "vehicle" 1s defined
in the Vehicle Code Section 670, These two definitions provide the criteria
to determine whether a source is a motor vehicle and thus under the jurisdic-
tion of che ARB., The definitions are:

e Vehicle Code 670, A "vehicle" Is a device by which any person or

property may be propelled, moved, or drawn upon a highway, excep-

ting a device moved exclusively by human power or used exclus-
ively upon stationary rails or tracks.

e Vehicle Code 415. A "motor vehicle" is a vehicle which is self-
propelled.
From these definicions, it is clear that self-propelled construction equipment
such as graders, earth movers, and tractors, falls under the jurisdiction of
the ARB. Hoﬁever, equipment such as pile drivers and portable generators fall
under the jurisdiction of the Districts, since this equipment is not self.

propelled,

Based on the technology analysis in Section 4 of this report, EEA suggests the
following sets of standards and the minimum lead time required for implemen-
tation. The regulatory framework would be similar to cthat utilized for heavy-
duty trucks in that all standards will be based on the concept of an engine
family that would cover several different horsepower ratings of an engine with

similar bore, stroke, aspiration and fuel injection system. -Standards would




apply to all new diesel-powered self-propelled construction equipment sold in

California and would cover all of the equipment categories detailed in Table -

2-1 of this report. However, the ARB may provide exemptions to log skidders

and feller-bunchers, which are predominantly used only in the forestry

industry. All standards are based on the 13-mode test, but EEA recommends

that the ARB set optional standards of equivalent stringency based on an

eight-mode test using data the manufacturers provide comparing results from

13-mode and eight-mode tests. Lead times for the implementation for standards

are dictated by manufacturer specific constraints, and the proposed minimum

lead times should, in EEA’'s opinioh. allow for a smooth transition on the part

of most engine manufacturers competing in this market. Due to the diverse and -

fragmented nature of this market, the ARB should be prepared to address the

possibility of individual low volume manufactures who may face special

difficulties not foreseen in this report.

Imposition of the Level I standard of 10 g/BHP-hr HC + NO, based on the 13-

mode test can occur with a minimum two-year lead time aftar rule promulgation.

Most engines from Caterplllar and Cummins are close to compliance or are in

compliance with this standard. Based on information supplied by the manufac-

turers, Deere and Komatsu should have no substantial difficulty in meeting —

this standard. EEA believes that Deutz and IH also should have no difficulcy

in meeting this standard. The two year lead time is required to:

In the calculation of emission inventories, one of the scenarios evaluates the

implementation of Level I standards in 1991 as the earliest possible date.

allow enough time to develop new calibrations on all engine lines

set up additional dynamometer and emissions measurement facil-
ities for select manufacturers

incorporate modest design changes in injection pumps and injec-
tors in some engines

complete the certification process

segregate products for California and set up a system to track
product flow to California.
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Although the lead time {s relatively short by histerical standards, most
manufacturers have been anticipating the introduction of standards since the
early 1980's and are therefore well prepared to embark on this process.
However, 1991 1s also the year when stringent new standards are in effect for
heavy-duty trucks. 1In order not to strain the development and certification

burden for manufacturers ARB may consider imposing standards in 1992 or

beyond.

The imposition of Level II standards of 1.07 HC/5.7 NO,/0.6 particulate
standards requires a lead time that varies by both manufacturer and horsepower
category. In the horsepower categories of 120 to 480 HP, most major manufac-
turers with the exception of John Deere, will be able to implement the

standard with a four to five year lead time. The lead time is associated

with:

e changes to fuel injection system to high pressure systems
e increased use of turbocharged aftercooled engines

e equipment underhood design changes to accommodate the plumbing
assoclated with turbocharging and aftercooling

e changes of engine suppliers among some equipment manufactures.

A significant fraction of equipment using engines rated between 120 and 480 HP
already utilize turbocharging and aftercooling, and, therefore, only a small
(-10%) fraction of equipment in this category will require significant engine
changes. This would lmply that the standard could be imposed in 1993 or 1994
model year, at the earliest. Of course, other competing issues such as the
1994 standards for heavy-duty trucks may cause significanc difficulcties for

the manufacturers so that more lead time may be appropriate.

In the 50-120 HP category, EEA believes that many engines will require
significant redesign, either to prechamber type design or to incorporate
advanced in-line fuel injection pumps and turbocharging to meet the Level II

standards. Because of the more extensive design changes involved, we believe
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an addirional one to two year lead time is warranted especially for naturally
aspirated engines. The economic impact analysis in Section 7 also suggests
that ARB may wish to consider a "split standard” approach, allowing englnes
less than 120 HP te certify to Level I standards.

In addition, EEA belleves that the engines over 480 HP will be automatically
exempted by the proposed low sales volume exemption (described in the fol-
lowing pages) and compliance for these engines will not be an issue, if the

ARB permits a low sales volume exemption.

The use of "carry over" of certification from 1986-1990 California on-highway
engine families can significantly reduce the compliance burden of manufac-
turers. These on-highway standards are equivalent to proposed Level II.
standards. Multi-year certification can also provide reductions in compliance

costs.

EEA does not believe that Level IIl standards should be imposed without
further study. Many of the technologies planned for use in meeting equivalent
standards for on-highway trucks are yet unproven and thought to be unsuitable
for use in the rough off-highway operating environment. The use of particu-
late traps is a significant unknown in heavy-duty use, and the need for such
stringent particulate standards for off-highway construction equipment is
unclear. EEA recommends that ARB readdress the issue following the 1991 model
year, when the status of the technology to meet the standards will be fully
understood. However, EEA suggests that engines certified to heavy-duty diesel
truck standards be automatically granted certification for use in off-highway

equipment.

As noted, EEA suggests a low sales volume exemption be granted for meeting
Level II standards. Because of the difficulety in achieving low emissions with
naturally aspirated diesels and small diesel engines, as well as the high unit

cost of certifying engines which may sell only a few units per year, it is
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economically efficient to exempt those engine families selling less than 10 or
12 unics per year. Since the sales in the construction industry of specific
pleces of equipment is very cyclic, EEA recommends that the sales volume
exemption be based on average sales for three years rather than any particular
year's sales. We anticipate that, at most, ARB will grant exemptions to 30 to
35 families (mostly ilmports and engines over 480 HP), amounting to an exemp-
tion to 5 percent of new vehicles sold. This exemption, however, should be

restricted to no more than 3 or 4 engipe families per engine manufacturer to

prevent a proliferation of separate engine families.

EEA also does pot believe that a separate durabllity test is necessary.
Avallable data from EPA certification suggests that the diesel engine’s
deterioration factors are generally quite low, The ARB may choose to take the
following actions:
® accept on-highway deterloration factors for engines that are
substantially similar to off-highway engines

e provide assigned deterioration factors similar to those available
for on-highway certificacion

e increase the stringency of the standard by an amount equal to the
average deterioration factor for on-highway engines at equivalent
standards, and delete all requirements for a durability test.

The durability test is one of the most time consuming and expensive activities
of certification, and, in the context of heavy-duty diesel engines, of limited
value. Due to the relatively low sales volumes for off-highway equipment, EEA
believes that the durability tests imposes very high costs per unit relative

to the options listed above, which largely accomplish the objective sought by
the ARB.

" EEA believes that the need for a separate smoke test is unclear if a Level II

type particulate standard is enacted. The ARB may wish to retain only the
peak smoke requirement and deleting requirements for the acceleration and lug

modes, as manufacturers and the EMA have raised objection to applying the on-
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road smoke standards to off-highway engines. In addition, manufacturers must

be in compliance with California Health and Safety Code 41701, which sets a 40
percent limit to opacity. The South Coast Air Quality Management District

apparently requires a 20 percent opacity limit, but these are based on -

approximate visual enforcement requirements.

EEA suggests that the ARB work with manufacturers in setting a recommended
measurement procedure for particulates with the steady-state test. The
procedure is currently defined only for the transient test. Alcthough the
measurement of steady-state test particulate has been performed, some specific
areas of concern regarding test protocol, e.g., dilution ratio and filter
temperatures, require ARB's attention. Deere staff have noted some specific

concerns and their comments are provided in Appendix A. --

Separately, EEA also suggests the ARB require manufacturers to uprate their
rebuild kits so that rebuilt engines will meet Level 1 standards. EEA
believes that the regulation can be broadly implemented for engines built
since 1980, except in some cases where engine lines have been discontinued (as
with Case diesels). Due to continuous evolutionary improvements to most
engines, engines older than 1980 vintage may have enough design differences to
cause problems in upgrading to a newer specification. For this requirement,
ARB should be prepared to examine requests for an exemption on a case-by-case

basis.

5.2 ENFORC G

There are currently no regulations which apply to off-highway diesel engines -
in the State of California. Therefore, any regulations of this type would
require new and innovative methods of enforcement. This section of the report
examines the current state of regulation in California in terms of mechanisms
already {n place that may be adapted for the purposes of regulating off-
highway construction vehicles, and discusses possible regulatory scenarios

with varying levels of cost, effort, and expected compliance.
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Three conditions are necessary for any regulatory approach to be effective:
Certified equipment must be differentiable from non-certified equipment by
means of a tag or sticker, the equipment model year must be easily observable,
and penalties must be assessed for non-compliance. Several alternate
approaches have been developed thch represent the range of enforcement
options from a simple, low cost approach with fairly high levels of com-

pliance, to a maximum amount of enforcement with nearly 100% compliance.

5.2.1 Voluntary Compliance

The least cost, simplest approach to regulation would require that manufac-
turers certify that all new equipment and rebuilt engines sold by California
dealers meet the standards set by the Air Resources Board (ARB), and that all
contractors certify via construction permits that all new equipment is
certified for use in California. The only method of enforcement suggested is
to institute random spot checks by ARB or Air Quality Management District
(AQMD) inspectors of construction equipment dealers and rental agencies.
Violators would be subject to fines, and repeat violators could be subject to
loss of license., The advantages to this method are its low cost and probable
high levels of compliance as most dealers would not risk the chance of being
caught, However, this method does not allow for assessment of compliance

rates, and would require additional inspection staff.

The total number of establishments which sell or rent construction vehicles
has been estimated by California dealers to be 250. Quarterly inspections
would require 1000 inspections per year. If inspectors could inspect two
dealerships per day, an additional 2-3 inspectors would be needed to perform
this task. Assuming the average burdened salary of each employee is $40,000,
multiplied by 1.5 to factor in office space and overhead costs, the additional

staff would require an additional $180,000 per year.




Compliance is expected to be at least 70-80%, based on the expectation that
the larger construction firms (which represent most of the comstruction

industry) will not risk non-compliance by buying non-certified equipment.

5.2.2 Compliance with AQMD Superwisjon

The intermediate approach would require that all new equipment sold in
California display prominent stickers showing emissions compliance, with
routine site inspections by Alr Quality Management District (AQMD) inspectors --
to determine compliance. Precise enforcement policies could vary locally to
represent the variouﬁ needs of each AQMD. For example, more fregquent inspec-
tions could be required in areas such as the SCAQMD areas where emission
control needs are critical. However, Increased costs of enforcement may be
greater than the marginal increase in compliance rates gained from using the
intermediate approach over voluntary compliance. There are several obstacles
to the intermediate approach:

o Locating compliance stickers on dirty or dust-covered vehicles

may be difficult

e It may be difficult to distinguish between model years which fall
under regulations and those that do not as equipment model year
is not easlly identifiable

o Vehicles which fall in the 50-75 HP range may not be easily dis-
tinguishable from those under 50 HP

e Many short-term heavy construction projects (i.e., site prepara-
tion for small structures, laying underground tanks or pipelines,
or digging swimming pools) may be missed if inspections are not
done on a weekly basis. Hence, some portion of the fleet may
remain uninspected.

The first three obstacles may be largely avoided with proper regulatory

specification regarding the placement of the stickers. For example, equipment

owners may be required to place compliance stickers in covered places and the

model year and horsepower rating can be listed on the sticker itself.

However, stickers placed on some of the smaller vehicles without cabs or other -

enclosed spaces will still be subject to the above concerns.
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Several points must be made regarding the capabilities of AQMDs in enforcing
these standards. At this time, the individual Air Quality Management
Districts are responsible for management of air quality in their jurisdic-
tions. The AQMDs have the aucthority over implementation of permit programs

and enforcement.

Within these areas, the AQMDs strive to attain and maintain state and federal
standards for air quality, and respond to and abate nuisances that have been
identified by citizen complaints and inform the public about current air

quality conditions.

Several other organizations have some jurisdiction over construction sites,
primarily the Federal Occupational Safety and Health administration (Fed-
0SHA), the California 0ccupacion51 Safety and Health Administration (Cal-
0SHA), local building inspection agencies, and, for public works, the spon-
soring government agency. Some research was conducted into the feasibility of
ARB interaction with these agencies. As most jurisdictions inspect buildings
for safety and for compliance with local building codes after the work is
completed and the equipment is no longer on the work site, these local

agencies do not appear to be an avenue for local inspection of construction

equipment.

Cal-0OSHA currently regulates the safety of the public sector with Fed-OSHA
having jurisdiction over the private sector. Cal-0SHA is in the process of
regaining its private sector juris&iction and should be restructured by the
end of 1989. Currently both agencies inspect buildings or construction sites

under the following conditions:

¢ an accident has occurred
e an employee or employer has requested an inspection

e an unsafe situation is spotted by an inspector while driving by a
work site, or while inspecting a nearby safety hazard
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Thus, current inspection practices are more "reactive"™ than ‘proactive". The
current level of inspections being conducted is enough to keep the staffs of
these agencies busy. An possible hook-ups with these agencies for inspections
of individual pieces of equipment would require extra staffing. As Cal-OSHA
is now in a state of transition, this does not appear to be a feasible

solution at this time, but could be pursued in the future.

The intermediate approach would necessitate the monitoring of construction
sites to ensure compliance with equipment emissions statutes at the AQMD
level. Currently there are state and local regulations that specify limits teo
dust and noise produced by any person or operation, which would include
construction sites, such as State Health and Safety Code 41701, which sets a
limit of 40% opacity in excess of three minutes of visible emissions of smoke,
dust, and dirt. However, the AQMDs contacted reported that construction sites
are not inspected on a frequent or regular basis, and that public complaints
of nuisance caused by construction activities are rare. In fact, the monitor-
ing efforts of AQMDs vary considerably throughout the state, due to such
factors as staff availability and funding. Additional monitoring activities
necessitated by regulation on comstruction vehicles (i.e. regular site visits
to construction operations) would require sufficlent funding to the AQMDs for

increased staff.

In order to estimate the addictional staff needed to conduct regular site
inspections, EEA contacted two of the largest Alr Quality Management
Districts, the South Coast (SCAQMD) and the Bay Area (BAAQMD). The BAAQMD
currently employs approximately 46 inspectors. A BAAQMD representative
estimated that regulations requiring thorough inspections of construction
sites by AQMDs would require a 30-50% increase in staff time. The SCAQMD has
170 inspectors, and estimated that need for an additional 5 inspectors in
order to inspect construction sites on a regular basis. Due to the Inconsis-
tency of these estimates, EEA estimated the number of additional inspectors

and other AQMD personnel which would be needed under this regulatory scenario
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based on the number of construction sites issued permits in California each
year. In 1987, approximately 535,000 construction permits were issued for
residential and nonresidential construction'activities, including building,
remodeling, and demolishing. This number overestimates the number of actual
sites, as each house in a development may carry a separate permit, and so
forth. Based on a conversation with a staff member from the SCAQMD, random
inspections of 10-15% of the population should be enough to peose a threat to
all contractors. If the AQMDs are able to randomly inspect 10-15% of the
total number of construction sites at three sites per day, an addicional 100
inspectors would be needed. As several of the jurisdictions currently conduct
drive-by inspections of job sites, this number may be reduced by 30-40%, to a
total of 60-70, or 1-3 additional inspectors per District, on average.
Multiplying this number by an average burdened salary of $40,000, and multi-
plying by a factor of 1.5 for administrative and ovérhead costs yields 3 to 4

million dollars needed to fund additional staff.

The estimated compliance for this strategy is 85-90%. 1In addition to the
expected compliance of equipment dealers, the additional threat to the small
contractors themselves should increase compliance by another 10% over a
scenario of only equipment dealer inspections. It should be noted, however,
that a representative from the BAAQMD stated that, while the most effective
pelicy would be inspections of 100% of the population, that inspections of at
least 50% of all sites would be necessary to maintain a threat to all contrac-
tors. He also felt that random inspections would result in complaints of
.unfairness from contractors. He suggested that all contractors give 10 days
notice prior to beginning a project, which would allow for thorough inspec-
tions of all construction activities. This strategy would raise the manpower
needed for inspections and the total costs of Inspections by 8-10 times the
previously estimated amount. Due to the large discrepancy between these
estimates, this matter should be studied in a more extensive manner before

policies are made.
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v cle

A maximum level of enforcement would require registration of all vehicles by
the Division of Motor Vehicles. A registration sticker similar to those on
passenger vehicles would be provided with certification of emission compliance
for all vehicle model years covered by regulation. All vehicles at
construction sites would need to be inspected regularly by AQMD inspectors for
registration plates. This approach would ensure up to 98% compliance state-
wide, and would provide detailed statistics on the equipment population in
California which could be used in creating an accurate emissions inventory.
The 2% non-compliance rate is associated with border areas of the state, where

there are no severe alr quality problenms.

The disadvantages to this approach are as follows:
e High costs compared to marginal benefits of registration over
compliance with AQMD supervision or voluntary compliance

o Uncertain cooperation from the DMV, as these offices may already
be overburdened

e Significant oppositicn from equipment owners as this will create
an avenue for taxation of vehicles. The AGC stated its members
would oppose such a move on ARB's part.

The processing of each vehicle would require mailing out information, obtain-
ing payment, providing plates, and data processing. From the local
(Washington) DMV, we were provided an estimate of 1/3 man-hour per vehicle for
all activities listed. Thus, an additional 20-22 people are required to
process the fleet of 120,000 vehicles, plus an additional 8-10 pecple for
administrativo. technical and clerical duties. A total of 30 additional staff
members, with an average burdened salary of $40,000, multiplied by a factor of
1.5 vo cover office and overhead costs, would require $1.8 million per year.
These costs would be incremental to the costs of AQMD inspectors required to

inspect and ticket unregistered machines.
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The DMV would be able to recover these costs by requiring a $15 registration
fee plus $3 for the cost of the tags. This would amount to $2.2 million per
year revenue, which should cover the costs incurred. The cost of $18 per

vehicle 1s not inconsistent with the procedures of many jurisdictions in the

registration of cars and trucks.
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6. EQUIPMENT AND EMISSIONS INVENTORY

6.1 INIRODUCTION

In order to assess the impacts of regulation in terms of emissions reduction,
it is first necegsary to estimate the current population of vehicles which
would fall under emissions regulations, as well as to forecast the future
population of the vehicles. Emissions factors can then be applied to the
estimated inventory of construction vehicles in order to derive an emissions

inventory from that sector.

This section of the report discusses the baseline inventory and the forecast
to 2000 of off-highway construction vehicles in California. Using this
information, total emissions from this sector are estimated. The methodology
used to determine a reasonable inventeory of equipment is discussed in Section
6.2. Section 6.3 examines three different estimates and their methodologies:
the 1979 ERT baseline, the 1987 Construction Equipment magazine survey
estimates of the U.S. population of common construction equipment which have
been modified by CIMA to represent the California population, and the recently
developed inventory determiried by Power Systems Reéearch, Inc. (PSR) under
contract to EEA, The differences between these estimates are explored in
Section 6.4. This section attempts to validate the results which were chosen
to be the most reasonable estimates. It also addresses the updated ERT inven-
tory. Section 6.5 discusses the projected inventory of equipment to 2000. The

emissions inventory is discussed in Section 6.6.

6.2. METHODOLOGY

Several difficulties arise in compiling a state-specific inventory of con-
struction equipment. These difficulties result from the lack of precise data

on sales and shipments of construction equipment in the U.S. and differing
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opinions regarding equipment life and California’s share of the U.S. market.
This study attempts to reconcile several estimates of the baseline construc-
tion equipment population in California by examining the differences betwaen
them and outlining the strengths and deficiencies of each. The critique of
these inventories .consists of comparing them with other sources of avallable
data, such as Bureau of the Census data, and by using anecdotal information
gained from interviews and surveys of contractors, equipment dealers, and
industry groups. The ERT Emissions Inventory Report performed in 1979, the
CIMA adaptation of Copstruction Equipment Magazipne's "Universe of Construction
Equipment”, and Power Systems Research’'s "California Off-Highway Application

Engine Population Profile" are the studies used in this analysis.

6.3 THE EQUIPMENT INVENTORIES

This sectlion discusses the goals, methodologlies and results of the CIMA/ERT,
Construction Equipment Magazine, and PSR studies. Each inventory is first

discussed separately, and the inventories are compared in Section 6.4.

Environmental Research and Tec C.

In late 1980, the Construction Industry Manufacturers Association (CIMA)
contracted Environmental Research and Technology, Inc. (ERT) to study the
impact of off-highway equipment upon air ﬁuality in California. One geal of
this study was to gather more reliable and up-to-date industry data to be used
by the ARB when developing emission inventories. This study has been the
basis for the ARB equipment inveﬁtory since 1980. ERT developed equipment
population and emissions from several equlpment-using sectors, including those
classified as MS-1 (New Off-Road Heavy-duty Non-farm Equipment). The MS-1
database was derived from information submitted by manufacturers, their
associations (the Association Liaison Group, FIEI, EMA and CIMA) past inven-
tory reports, and the ERT study. Construction machinery data collected on a
yearly basis by the Bureau of the Census were used to verify the manufac-

turers’ data. The California MS-1 inventory was derived by summing up the
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portion of U.S. equipment shipments sold in California for ten years. Ten
years was chosen because manufacturers determined that it is a reasonable
estimate for the average life of construction equipment. The proportion of
total U.S. sales to California was derived from data submitted by the Assoc-
iation Liaison Group (ALG), based on prior sales data for California. Some of
this data was estimated based on past trends, some received from Power Systems
Research, Inc., while some was extracted from the internal records of manufac-
turing firms. The study did not attempt to account for the interstate

movement of equipment, as no data on this subject was available.

The ERT 1979 baseline estimates of the California Domestic population by 24
equipmeﬁc types are shown in Table 6-1. The sum of equipment sold to
California buyers totals 65,267. Forty-one percent of the total population
falls into a single category, industrial tractors, which includes backhoe/
loaders and rough terrain forklifts. The ERT report supplied the number of
each equipment type estimated to be owned in California, and the percentage of
the U.S. population assigned to each type. From this information, the U.S.
population was calculated. Across all of the equipment types for which the
ERT report supplied estimates of the percentage distributed to California (all
types except industrial tractors and pipe layers), California represents

approximately 5% percent of the nation’s total of construction equipment.

CIMA Revision of Con tio a e's "Universe of Construction Equipment”

In 1988, CIMA created a revised population estimate based on a study done by
MacKay & Company which was commissioned by Construction Equipment Magazine and
The Associates Commercial Corporation. The purpose of Construction Equip-
ment’'s study was to aid manufacturers and dealers in their marketing efforts,
and was not necessarily created to be used as a precise measurement of the
eﬁuipmen: inventory. The estimates are generally rounded up or down to the
nearest hundred. The data was obtalned by adding sales and shipments data for
the U.S. for each type of equipment in the survey by for a number of years,

depending on expected equipment life. The survey included the major types of
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Table 6-1 _
CAL/ERT Estimates of 1979 MS-1 Population in California and U.S.
Equipment Californja Domestic ™ U.S. Domestic”  —
Tyoe %ipCalfornia  _Popylation {1979) Popuiation (1979)
BITUMINOUS PAVER 80° 497 8283 -
COMPACTOR (stafic} 80 22 am
COMPACTOR {Vibratory) 80’ 1267 a7 -
CONCRETE PAVER 89 720 12167
CRAWLER CRANE 18 186 10333 N
CRAWLER EXCAVATOR 40 1080 27000
DITCHER & TRENGHER 38 3952 105053
HYDRAULIC EXCAVATOR a7 28 5649 -
HYDRAULIC WHEEL CRANE (one-sta) 38 788 21806
HYDRAULIC WHEEL CRANE {muft-stat 88 27 4088 -
INDUSTRIAL TRACTOR : - 26728 -
LOG SKIDOER 11 1181 25485 -
MOTOR GRADER 82 2787 4968
OFF-HIGHWAY TRUCK 2.4 392 15500 -
PIPE LAYERS - 4
SKID STEER LOADERS 3 2490 160677 -
SCRAPERS 8.1 1480 28885
TRACK LOADER 20-89 hp 17 2607 39156 )
TRACK LOADER +90 hp , 82 1808 20902
TRACK TRACTOR 20-89 hp 53 2949 62208
TRACK TRACTOR +90 hp 78 %78 £9937 N
WHEEL CRANE _ 15 530 7067
WHEEL LOADERS < 2 1/2 cu. yd. 82 3509 60335 -
WHEEL LOADERS > 2 172 cu. ye. 52 3160 59923
TOTAL - 65267 848824
TOTAL {wio Industrial Tractors -
and Pips Layers) 14.5%) (38493) [848824)
* Manufactuers' Estimate ** Includes some MS-2 Equipment
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equipment used by contractors, but did not necessarily include all of the
equipment which would be used by specialty contractors, the sum of which could
be a considerable amount of equipment. Equipment life expectancy data was

gathered by surveying manufacturers and equipment users.

The Construction Equipment survey listed total U.S. equipment population by
equipment type and use. CIMA then used these numbers and applied market share

percentages for sales to California, and subtracted out the equipment believed
to be used for purposes such as agriculture, mining and forestry. Overall,
CIMA's numbers would indicate that California holds 5-6% of the U.S5., total
equipment inventory. These estimates are shown in Table 6-2, and are

discussed further in Section 6.4,

ower Syst esea

PSR's tabulation of population data begins with a compilation of an accurate
sales record. PSR maintains an engine sales record for every engine make and
model installed in original equipment in North America. In addition, PSR has
a compilation of each engine driven product delivered to North America,
including records of the engine make and model installed in each product.

This data was compiled over-an extended number of years. The resulting data
provides an i{nsight into the total number of engine-.driven products originally
placed into service in North America. The data is adjusted by the number of
engine driven products produced in or imported to North America which are
later exported. This information is derived from U.S. Department of Commerce

export records.

PSR then establishes a scrappage or attrition rate, by establishing for each
engine make and model a design life specification, which is the mean time
before scrap for each of the over 1,300 engine models being tracked. These
numbers were developed through PSR fi{eld research and have been compared to
manufacturers specifications where possible. The life is expressed in

horsepower hours for greater accuracy in estimating engine life. For each
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Table 6-2
CIMA Estimates of 1987 California Equipment Population

(Based on MacKay Study)
1.3, Popuiation

CRAWLER TRACTORS 115000 5670 5.3%

(CIMA estmated total) { 106683 ) %
CRAWLER LOADERS 84000 2484 . 3%

(CIMA estimated totai) ( 52387 ™%
WHEEL LOADERS 130000 7215 5.6%
CONVENTIONAL & ELEVATING SCRAPERS 18400 1148 7.0%
MOTOR GRADERS ' 74000 3700 5.0%
RIGID FRAME OFF-HIGHWAY HAULERS 19400 543 25%
LATTICE CRAWLER CRANES 14300 300 2%
LATTICE BOOM WHEEL CRANES 10500 819 18%
HYDRAULIC WHEEL CRANE {one-stat) 27500 1485 54%
HYDRAULIC WHEEL CRANE (mult-stat 40800 N3 5.1%
HYDRAULIC WHEEL EXCAVATORS 16800 208 1.2%

(CIMA estimated tom)) ( 8285 3.3%
HYDRAULIC CRAWLER EXCAVATORS 46000 1472 3%
SKID/STEER LOADERS ~ ° 140000 6300 4.5%
INDUSTRIAL WHEEL TRACTORS 212300 20699 9.7%
COMPACTION EQUIPMENT 42800 4049 9.5%
COLD PLANERS/MILLING MACHINES 1800 137 7.6%
ASPHALT PAVERS 12000 780 6.5%
CONCRETE PAVERS 8400 37 5.2%
TOTAL 992000 81139 5.2%
Tolal with CIMA Adjustments (961545 ) [6.4%]
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application and horsepower range, PSR established a normal number of operating
hours per year and an expected locad factor of percentage of full rates load
which is normally experienced in that application. For example, PSR has found
that 50-120 HP gasoline engines used in Northern California for agricultural
purposes are normally operated 221 hours per year, with a load factor of 52%.
Thus, an engine rated at 100 HP would actually output 11,500 horsepower hours
per year. If this engine has a design life at full output of 2,000 hours,
then this engine in this application can be expected to have a median life of
17.3 years. Given this expectation, PSR distributes life expectancy around a
normal distribution curve, expecting that, for example, 20% of the engines
will have failed within 8 years or at half the expected life, while 208 of the
engines will sfill be in service after 23 years. This normal distribution of
life expectancy is applied for every engine make, model, and application

combination.

This information allows PSR to calculate the number of engines in service at
any specific time for which shipments records exist. The aggregation of these
numbers through the year being reviewed (in this case 1987) allows PSR to
compile expected units to be remaining in service at this date. Geographic
distribution of units was accomplished by utilizing the U.S. Bureau of the
Census County Business Patterns Database, which includes number of establish-

ments by SIC Code, employees, revenue, and employment.

The PSR aggregate estimates of construction equipment in use in California by
equipment types are shown in Table 6-3. The sum of equipment used in con-
struction for 1987 {s 127,336. A detailed PSR breakdown of equipment by year,

type, region, and fuel type is provided as an attachment to this report.

6.4 coM ISONS O TORI

The most striking difference between the three inventories discussed above is
that the PSR estimate of the construction population in California is roughly

twice as large as the ERT and CIMA estimates. There are also large discrep-




Tabie 6-3

PSR Estimates of 1988 California Diesel Equipment Population

Equipment
Type

BITUMINOUS PAVER
CONCRETE PAVER
OTHER PAVING
ROLLER/COMPACTOR
CRANE

EXCAVATOR
TRENCHER/DITCHER
INDUST. TRACTOR
LOG SKIDDER
GRADER

OFF-HWY TRUCK
SKID-STEER LOAD.EFI
SCRAPER

TRACK LOADER
CRAWLER TRACTOR
WHEEL LOADER
WHEEL DOZER
BACKHOE LOADER
DUMPER

FELLER/BUNCHER

TOTAL

H.P. H.P. H.P. H.P. HP. - Total
<50 50-120 120240 240430 > 480

0 213 1185 N 0 53
1892 1828 298 0 0 5016
) 462 75 s 4 1635
5848 308 3881 a 0 13082
0 225 407 2 197 5141
1975 an 242 1 s 8829
8830 M0 0 0 0 9470
Q5% 1431 a2 LY 0 6059
0 237 17 0 0 4014

0 1456 137 51 0 2644

0 0 848 93 853 82
10838 | 1812 0 0 0 12no
0 27 a0 1 % 4186

NA NA NA NA NA NA
2491 42668 5408 a18 408 141
0 7412 7583 1848 123 16966

0 424 664 218 I 1385
0 10942 185 0 0 1127
1498 0 0 0 0 1496
0 0 1486 36 0 1792
Kyrel 4123 35445 8155 188 127336
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ancies in population estimates for each type of equipment. For example, PSR
estimates the population of excavators to be 8829, whereas the MS-1 baseline
estimate is 1680. Some of the discrepancies may be due to definitional
problems; for example, backhoe/loaders are placed in the industrial tractor
category in the ERT report. However, most of the differences appear to be
caused by other reasons. EEA has attempted to validate the estimates
provided, and has determined two primary reasons for the differences between

the studies.

EEA believes that the ERT and 1988 CIMA estimqtes understate the actual

population of construction equipment in California, because:

e Using 10 years as an average life appears to be low

e The estimates of California's share of the U.S. market which CIMA
applied to the MacKay study appear to be low,

Average L;ge

EEA considers CIMA's choice of ten years average life for construction
equipment to be low. This assumption is based on information gained from
contractors and equipment dealers, and from a survey distributed by EEA co

contractors, rental agencles, and state and local agencies.

The MacKay study presents the average life for each piece of equipment
studied. When the average life across all types ls calculated by weighting
life by the percentage of the inventory represented by each type of equipment,
the calculations would show that the average life of construction equipment is
approximately ten years. However, in the MacKay study, several of the most
numerous pleces of equipment, i.e. backhoe/loaders, skid steer lcaders, and
drum rollers/compéctors, are given useful lives of 7-8, 7-8, and 7 years,
respectively. These equipment tjpes are a significant portion of the equip-

ment inventory, and thus bring down the average significantly.
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Conversations with several equipment dealers contacted revealed that the
estimates of average life for backhoe/loaders, skid/steer loader, and rol-
lers/compactors are very low, and that these pileces of equipment can last in
the 12-20 year range. In many cases, equipment is traded in and sold as used
equipment after 7-8 years, as the equipment is most useful during the first
five years. Equipment is also often sold after five years because it can no

longer be depreciated in an accounting sense.

There is a large market for used equipment. This equipment is purchased by
small companies, companies just starting out, and by owner/operators (refer to
Section 7). According to one equipment dealer who deals only in used equip-
ment, his company’s fleet consists of equipment built from 1965 to the early
1980's.

A survey of contractors, state and local agencies, and equipment rental
agencies was conducted in the Spring of 1988 by EEA, Inc. A copy of the
survey is shown in Figure &-1. Preliminary results show that according to
those owners of backhoe/loaders and rollers/compactors who responded to the
average life section of the survey, the average life of a backhoe/loader is 10
years, and the average life of a roller/compactor is 9 years. While many
reported the average life of.egquipment to be 15-20 years, other contractors
reported average equipment lives of 5, 7, or 10 years across the board. In
these cases, the estimates appear to be the number of years contractors own
equipment before resale, and not necessarily the entire useful life of the
equipment. County and city governments tend to own equipment for much longer
periods of time than private contractors, as these agencies do not use
equipment as frequently and as intensively as their private counterparts.
Private contractors tend to replace equipment more frequently than government
agencies, possibly due to different accounting procedures and/or greater
financial ability. For example, many companies replace all equipment types
once it reaches a certain age in order to maintain a new, modern fleet, a

luxury not always afforded by a city or county agency. The point of resale is
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Figure 6-1
Population Of Off-highway Diesel Construction Equipment

TYPE OF CONTRACTING:

(e.g. road building, site preparation, underground work, bridges, etc)
LOCATION (COUNTY):
ANNUAL SALES: %

NUMBER OF VEHICLES AVERAGE TYPICAL

HP* ANNUAL AVERAGE

USAGE  LIFE
EQUIPMENTTYPE 59 50-120  120-240 240-480 >480  TOTAL  (hrsyn (yrs)
BITUMINOUS PAVER

CONCRETE PAVER
OTHER PAVING
ROUWERCOMPACTOR
CRANE

EXCAVATOR
TRENCHER/DITCHER
INDUST. TRACTOR
LOG SKIDDER
GRADER

OFF-HWY TRUCK
SKID-STEER LOADER
SCRAPER

TRACK LOADER
CRAWLER TRACTOR
WHEEL LOADER
WHEEL DOZER
BACKHOE LOADER
DUMPER
FELLER/BUNCHER
OTHER

TOTAL

* IF YOU ARE UNABLE TO LIST EQUIPMENT BY HP, PLEASE LIST TOTAL PIECES OF EQUIPMENT
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generally when the equipment has been depreclated fully in an accounting
sense. However, this equipment is not necessarily scrapped, especially if the
corporate policy is to replace equipment every seven or eight years, and is

resold to smaller contractors or owner operators. -

As backhoe/loaders and roller/compactors make up a large percentage of the
construction equipment owned in California, increasing the average life from
6-7 years to 10.12 years increases the calculated overall average 1life of

construction equipment by several years.

Based on the above information, EEA believes that the average life of con-
struction equipment as an aggregate ls approximately 13-15 years, and this

number is used in EEA’'s calculations. -

California Share of the Total U.S. Marke

The MacKay study provided a construction equipment population for the U.S. as
a whole. CIMA then derived California’s share of the total by multiplying
these numbers by estimates of California’s share of the U.S. construction
machinery market. Overall, CIMA‘s equipment population amounts to 4% of the
U.S. total. This compares to earlier CIMA/ERT estimates of 5%. These

percentages appear to be quite low, as discussed below.

Table 6-4 displays California’s shares of U.S., construction employment and
business receipts for the 1977 and 1982 U.S. Census of Construction Activ- -
ities. 1In the 1977 survey, California construction firms amount to 9.8% of
all U.5. construction firms, with 9.9% of all construction employees, and
13.7% of all construction receipts. The figures for 1982 vary slightly, with
G.8%, 10.3% and 13% of the number of U.S. construction firms, construction
employees and total business receipts, respectively. In the heavy construc-
tion industry, where much of this equipment Is used, contractors often work
during the nine or ten dry months of the year (March - November) and close

down during the rainy months. Consequently, much of the equipment used is
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only utilized during nine months of the year, during which time the California
industry is producing roughly ten percent of the nation's constructien
activity. Based on this information, it {s difficult to explain how Califor-
nia could account for only 4% of total U.S. construction equipment ownership.
When it 1s assumed that California holds 10% of the U.S. market share for
construction vehicles, the MacKay study’s U.S. totals‘translate into 120,000
machines owned in California. This rnumber compares well to PSR’'s estimate of
127,000.

The above information enabled EEA to make a final check of the PSR estimate by
using manufacturer’s estimates of U.S. sales per yeqr. Based on Department of
Census records, manufacturers sell approximately 90,000 pieces of construction
equipment domestically each year. When this number is multiplied by 13.15 as

an average life, and divided by 10 to calculate California’'s market share, the

inventory amounts to approximately 117-135 thousand machines.

6.5 THE EQUIP INVENTORY FORECAST TO 2000

The creation of the equipment inventory and subsequent emissions inventory
consisted of several stages. The first step was to develop a forecast of
construction activity to 2000, Based on expected construction activity it was
possible to create a pOpulatibn growth rate for construction vehicles to 2000.
The final step was to apply emissions factors to expected construction

equipment populatien through 2000,

Table 6-5 shows EEA’s projection of total construction activity to 2000. The
historical data for residential, non-residential, and heavy construction was
provided by the Construction Industry Research Board. Forecast data for
residential and non-residential construction permit values was available from
the UCLA Business Forecast for California. The data was adjusted for infla-
tion and changed into 1982 dollars, so that the permit valuation may be used
as a proxy for construction acﬁivity. The residential building category

includes new construction of and renovations to single and multifamily
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YEAR

1967
1968
1969
1970
1971

1972
1973
1974
1975
1376
1977
1978
1979
1980
1981

1982
1983
1984
1985
1986
1987
1988
1989
1980
1991
1982
1993
1994
1995
1996
1997
1998
1989
2000

California Construction Trends to 2000

Table §-5

Permit Valuation

HEAVY

5830
4883
5662
4437
. 3476
3277
3485
3289

2351
2560

22449
2903
2861

2646
2994
2268
2534
2279
3544
3580
3385
3500
3500
3500
3500
3500
3500
3500
3500
3500
3500
3500
3500
3500

- ($1982)

6-15

RESIDENTIAL

2091
28490
- 3148
3178
4526
5407
4892
3691
4525
7887
10494
10661
10789
9088
7486
6273
11828
15068
17807
22839
22107
17366
18183
17150
17827
17784
17179
16514
16090
16073
16080
16374
17110
17775

NON-RESIDENTIAL

1877
2193
2531
2544
2877
3049
3233
3251
3106
3477
4714
5354
7291
7458
8822
8698
9911

12007

12532

12488

12875

11036

11430

11542

11769

11739

11537

11507

11551

11553

11616

11922

12443

13001




structures. Non-residential bulldings are defined as commercial buildings
such as offices, stores, hotels, amusement and recreation facilities, parking
garages and service stations, industrial buildings and hospitals. Non-
building or heavy construction includes the building of: streets and highways,
bridges, sewerage and waste systems, electric power and heating systems, river

and harbor fleood control, water supply systems, and dams and reservoirs.

No forecast data was available for heavy construction; however, the gereral
trend of the last ten years was extended to 2000, under the assumption that
heavy construction growth will remain fairly stable throughout this period.
The underiying assumptions are as follows. First, the magnitude of heavy
construction activity is generally a function of public expenditures on roads,
dams, bridges, and utilicy projects, and of large private enterprise projects
such as refineries or manufacturing facilities. It is impossible to forecast
the amount of this type of activity, since public expenditures are subject tax
legislation and public referendums, and it is difficult to forecast how the
public may vote on these issues. Private sector heavy building is as equally
difficult to forecast, as private corporations do not usually disclose thelir
long-range building plans. Second, heavy construction activity has remained
fairly stable throughout the last ten years, as displayed in Figure 6-2. The
large amount of building actiwvity in the late sixties and early seventies
declined greatly in the mid-seventies, and, except for an increase in the
level of activity in 1983-1984, has remained stable for the last ten years.
The rise in the early eighties may be attributed to two political developments
in 1983. First, a $0.02 state tax per gallon and a $0.05 Federal tax per
gallon was piaced on gasoline which was ear-marked for road construction and
maintenance. Second, the new administration headed by Governor Deukmejian has
piaced more emphasis on transportation matters than the previous admin-
istration. For these reasons, the forecast for heavy construction activity is

that it will be constant at current levels through 2000.
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Based on this information and the UCLA forecasts of residential and non-
residential construction permit values, the permit valuation of total con-
struction has been calculated to 2000. This information appears in Table 6-5.
From 1988 te 2000, construction activity, as assessed by permit valuations,

remains stable at approximately $34 billion per year.

6.6 THE EMISSIONS PORECAST TO 2000

The emissions inventory was calculated by assuming the following:

e sales

e scrappage rate as a functioﬁ of vintage
e usage as function of vintage

e load factor

e emission factors

e average horsepower

Sales were assumed to be constant (non-cyclic) between the years 1985 to 2005.
The assumption is based on the fact that construction activity and, hence,
construction equipment fleet size are projected to be constant for the next 15
years. Sales were projected at 5900 units/year for equipment over 50 HP

(i.e., heavy-duty equipment).

Scrappage Rate was constructed from anecdotal jinformation, indicating there

was little scrappage initially (2 percent per year)} to 10 years, with most of
the scrappage occurring between 10 and 20 years (5 percent per year). Our
surveys have shown that there are significant quantities of equipment in
California older than 20 years, and, therefore, we have the final element of
scrappage between 20 and 30 years. Survival rates as a function of vintage
are shown in Table 6-6. The scrappage curve provides a mean life of 15 years

consistent with other estimates cited in this section.
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Table 6-6 California Heavy Construction Equipment Survival
and Use Rates by Vintage

Equipment Equipment Survival Equipment Use
Vintage Rate

1 1.00 1400
2 0.98 1400
3 0.96 1400
4 0.%4 1400
5 0.92 1400
6 0.90 1400
7 ) 0.88 1400
8 0.86 1300
9 0.84 1200
10 0.80 1100
11 0.75 1000
12 0.70 1000
13 0.65 1600
14 0.60 1000
15 0.55 1000
16 ¢.50 1000
17 0.45 950
18 0.40 300
19 0.35 850
20 0.30 800
21 0.27 750
22 0.24 700
23 0.21 700
24 0.18 700
25 0.15 700
26 0.12 700
27 0.09 700
28 0.06 700
- 29 0.04 700
30 0.02 700
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Usage Rateg were also derived from anecdotal information. Construction
companies interviewed said that new equipment was intensively used in the
eight to ten years of its life. At that point it was traded to a second owner
who typlcally used it less intensively. The second owner could also use it
for eight to ten years before scrapping it or reselling it after rebuild.
Based on some preliminary information from the EEA survey, equipment older
than 20 years appear to be used 700-800 hrs/year about one-half the new
equipment usage of 1400-hrs per year. Average use rate {s about 1050 hours
per year, consistent with PSR estimates for equipment above 50 HP. Usage

rates as a function of vintage are also shown in Table 6-6.

Load Factor was assumed constant as {t represents an operational element not
correlated with age. The load factor assumed is (.55, consistent with EEA's
recommendation for the load factor on a modified test procedure for emissions

certification.

Emissions Factors are a subject of much contention. The original MS-1
baseline used emission factors derived from the CAL/ERT study. The study was
based on manufacturer inputs which we understand varied widely. The CAL/ERT
estimates seem unreasonably low in many cases - % out of 24 categories of
equipment reported NO, emissions well below 10 g/BHP-hr, some as low 6.6
g/BHP-hr, for example. Yet, none of the major manufacturers we interviewed
provided information suggesting that any of their off-highway engine lines
were currently calibrated to achieve 6.0 g/BHP-hr. (The baseline dated to
1979, -when manufacturers claimed 6.0 g/BHP-hr was virtually unachievable.)
Our estimates, based on {nformation detailed in Section 4 for the major
manufacturers also accounts for the improvements that have occurred due to
increased penetration of turbocﬁarging, low sac injectors, etc. in the
construction equipment engine market. Assumed emission factors are shown in
Table 6-7. We have also derived emission factors for Level I and Level 11
control efforts, based on certification levels of on-highway engines meeting

equivalent standards. The details are also shown in Table 6-7. CO emission
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Mode] Year

Pre-1970

1970-1974
1975-1979
1980-1984
1985-1990

{(no control) 1991+
(Level 1) 1991+

(Level II) 1994+

TABLE 6-7

EMISSION FACTORS BY MODEL YEAR
(g/BHP-hr)

1.

1.

8

5
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levels are not shown, but a CO emission factor of 4 to 5 g/BHP-hr appears
reasonable. It must be noted that considerable uncertainties surround these
factors (+ 15 percent). Total California inventories were obtained from ARB

officials in Sacramento.

Based on our analysis, the base emissions inventory' for 1987 are as follows:

. HC 35.91 tons/day (0:56t)
. NO, 301.03 toms/day (10.53%)
'y Particulate 13.61 tons/day (0.23%)

While the contribution of off-road construction equipment to total HC and
particulate inventory is low, it is relatively large for total NOx. Under a

no control scenario, by the year 2000, emissions decline to:

. HC 27.42 tons/day  (0.41lw)
. NO, 262.96 tons/day (8.90%)
'Y Particulate 11.91 tons/day (0.15%)

Contrary to expectations, the contribution of off-road construction equipment
to total emisslions inventory does not increase over the next decade even under
a no control scenario. Under a scenario where only Level I standards are

imposed in 1991, the benefits in 2000 over a no control scenario are:

. HC reduced by 4.72 tons/day
. NO, reduced by 47.22 tons/day
. Particulate increased by 1.57 tons/day

Under a scenario where Level I standards are introduced in 1991 and Level 1II

in 1994, benefits Iin 2000 over a no control scenario are:

. - HC reduced by 7.10 tons/day
. NO, reduced by 82.83 tons/day
° Particulate increased by 0.39 tons/day

Percent of statewide inventory in parentheses.
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In effect, Level 11 controls allow particulate to remain constant or unchanged
from the base scenario, and illustrates the NO,/particulate tradeoffs.

Figures 6-3 to &€-5 show the influence of no control, Level I and Level II
control on HC, NO, and particulate emissions respectively. More detailed

output is presented on emissions in tons/year in Appendix B.

All of the above figures are derived for 100 percent compliance and no
exemptions. Reductions of emissions with exemptions and at less than 100

percent compliance rate can be calculated by:
Actual reduction = Theoretical Reduction

x Exempt (BHP-hr)
Total (BHP-hr)

x Compliance Rate
Table 6-8 shows the BHP-hr distribution by equipment and HP category. The

table can be used as a guide to estimate the effect of exempting any specific

category of engines or equipment from emission regulatioms.
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Table §-8

Total BHP-HR inventory For Off-Highway Diesel

Equipment
Type

(Average HP)
BITUMINOUS PAVER
CONCRETE PAVER
OTHER PAVING
ROLLER/COMPACTOR
CRANE

EXCAVATOR
TRENCHER/DITCHER
INDUST. TRACTOR
LOG SKIDDER
GRADER

OFF-HWY TRUCK
SKID-STEER LOADER
SCRAPER

TRACK LOADER
CRAWLER TRACTOR
WHEEL LOADER
WHEEL DOZER
BACKHOE LOADER
OUMPER

FELLER/BUNCHER

TOTAL

H.P.
<%

(40)

13

]

g 8 8 o

(BHllons of BHP-HRS)

H.P. HP. H.P. H.P.
50-120 120240 240430 »>430  Tot!

(85) (180) (360) (600)

106 165 1 0 22
“ 166 0 0 2
1" 52 65 1" 139
% 30 6 0 4
P o7 3 P 186

120 439 450 41 1141
6 16 0 0 7
58 2 12 0 148

180 o 0 0 614
u e 3 0 121
0 @ 358 40 g1
3% 0 0 0 101
2 137 & 12 258
NA NA NA NA 0

217 89 854 26 218

24 29 546 55 17
2 13 ) 0 . 2

802 22 0 0 634
0 0 0 0 19
0 s 178 0 519

187 a7 264 a7 10087
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7. ECONOMIC IMPACTS

7.1 QVERVIEW

Potential regulations would most directly affect two industries: the equipment
manufacturing industry, which consists of both domestic and international
firms, and the California construction industry itself. The economic impact
analysis focuses on these industries, but also considers (in less detail) the
mining, agriculture, and forestry industries which utilize some types of
equipment used by the construction industry. Two sets of effects caused by
regulation are examined: the impact on costs and the impact on competitive-

ness.,

The imposition of emisslons standards on construction equipment will lead to
increased costs of doing business for both the construction industry and
equipment manufacturers. The construction industry may experience increases in
equipment purchase costs and fuel costs (due to reduced fuel econemy), both of
which lead to increased total project costs. The manufacturing industry may
experience increases in R&D expenses, expenses assoclated with certification
and will requlire investment in additional facilities needed to certify
engines. Engine unit costs can increase due to the addition of emission
control components. These costs are determined and allocated bhetween firms,
consumers, and taxpayers. Certaln non-pecuniary costs which are difficult to
quantify are also discussed: for example, manufacturing firms with smaller
market shares in California might decide to limit their equipment offerings
rather than redesign every equipment type, resulting in limited cheices for
consumers. The diverse nature of the industries being discussed prevents
universally applicable conclusions, but the discussion provides the ARB with

an understanding of the range of economic impacts likely under regulation.
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The impact of potential regulations on the competitive atmosphere in the
consc;ﬁction and manufacturing industries is also examined. Several examples
of how regulation might effect competitiveness are as follows. If regulations
are imposed on all equipment sold in Califormia (i.e. regulations are imposed
on mabufacturers who sell equipment in California), large national or interna-
tional construction firms who could easily purchase or ship equipment from out
of the state may have a cost advantage over locally based firms. Regulations
may force some manufacturers who sell only a few pleces of equipment to
California buyers per year, such as the manufacturers of specialty equipment,
to withdraw from the California market entirely. Conversely, if regulations
require California contractors to use equipment which meets emission standards
(i.e., the regulations are placed on contractors), out-of-state contractors
may choose to withdraw froe that market rather than purchase new equipment or

retrofit existing equipment to meet California standards.

Section 7.2 presents the objectives of the economic analysis and the meth-
odology used to achieve them. Section 7.3 focuses on the practices, cost
structures, and competitive behavior of the California construction induscry.
California mining, forestry, and agricultural operations are discussed in
Section 7.4. Section 7.5 discusses the structure of the equipment manufac-

turing industry, and compeéitiveness issues.

7.2 METHODOLOGY

In order to determine the effects of regulation on the construction industry,
the analysis was divided into several phases. First, {t was necessary to
develop a general understanding of the economic structure of the industry as a
whole. Second, specific cost data was gathered from individual firms. These
two areas were then Iintegrated to formulate an understanding of how increased
costs might affect not only the industry as a whole, but also individual

firms, consumers and taxpayers.
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The economic analysis of the manufacturing industry also consisted of two
phases. First, {t was necessary to determine the manufacturers selling in
California and the share of thelr business represented by California buyers.
This information was used to gain an understanding of how manufacturers might
react to regulations, in terms of continuing sales to the California market.
Second, economic data was gathered on the structure of the industry, as well
as information on economic trends in annual sales volumes and R&D expenses.
Estimated cost increases to manufacturers were used in calculating the
increase in costs to the manufacturing industry. The following sectien

discusses these procedures in greater detail,

7.2.1 Califormia Construction Ipdustry

In studying potential effects on the construction industry, it is i{mportant to
understand the past economic trends of the industry as a whole and within
different types of construction activities. This information provides insight
into whether construction activity is likely to grow or decline in the future,
which segments of the construction industry are growing or declining, etc.

all of these factors are important in terms of the impacts a regulation might
have and timing and scope considerations for imposing emission regulations.
Several specific types of projects were investigated: commercial building,
residential development, utility projects, civic projects such as roads, dams
and bridges, and the emergency preparedness activities of state and local
governments. Thesé types of projects were selected because they were either
numerous, equipment-intensive, or are politically important. The original
intent was to select several projects within these categories, and to gather
data on projects cost structures (l.e., the relative importance of labor,
materials, equipment and fuel costs to total project costs) plus information
on types of equipment used, annual usage and average life, and fuel use.
However, early research revealed that the majority of equipment-intensive work
is done in earth-moving operations such as site preparation and paving,
grading and excavating for roads, dams, and bridges. Most of this work is

done by firms which specialize in such projects.
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For these reasons, Interviews were conducted with three California contractoers
who are involved primarily in site preparation, road building, and other
paving, grading, and excavating activities: Teichert Construction of Sacra-
mento, Sully-Miller Contracting/Blue Diamond Materials of Long Beach, and
Oliver de Silva Company of Hayward. These contractors are members of the
Associated General Contractors of California (AGCC), an industry group which
represents over 900 contractors who are responsible for nearly 70% of all
nonresidential construction sales (dollars) in California. These interviews
provided us with data on construction project cost structures and equipment
inventory, as well as anecdotal information on the characteristics of the
industry. Low, medium and high cost increase scenarlos were developed and
applied to a number of equipment types to determine the range of regulatory
impacts. If cost increases were less than 28, then the effects of regulation
are considered to be negligible. Cost increases in the 2-10% are of concern,
and regulations which would create cost increases in this range should be
modified to minimize negative impacts. The impact of regulation were deter-
mined to be of significant concern if equipment costs rise by ten percené or

more.

7.2.2 Equipment and ggginglﬁagufactugigg Industry

To conduct an analysis of the impacts of the regulation of Califormia equip-
ment on the equipment industry, it was necessary to understand how the
equipment industry is structured, and to what extent California is involved in
the equipment-buying market. Because California is only part of a worldwide
market for construction equipment, the impacts on the industry as a whole are
somewhat limited. As described in Section 2, it was determined that 5 or 6
engine manufacturers account for a majority of the sales but dozens of smaller

ones have very low sales volumes Iin California.

Increases in R&D costs and costs associated with the need for new or improved

dynamometer facilities and certification were estimated, and calculated as a
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percentage of typical R&D costs and net revenues of the major manufacturing
firms, to determine quantitatively the increased costs to the manufacturing
industry. Data on annual sales and cperating expenses were taken from annual
reports supplied by the manufacturers. Again, cost increases were evaluated
by the criterion set forth above: less than two percent increages were seen to
be negligible, two to ten percent increases ralsed cautionary flags, and

increases greater than ten percent were seen as significant.

7.2.3 Data Sources

The information needed to undertake this study was gathered both anecdotally
and quantitatively. Because of time constraints and the lack of precise,
publicly available data on both the U.S. and California constructioen
industries, it was necessary to combine existing data, in the form of value of
shipments, permit values, and annual revenues with anecdotal information on
areas where no data or published information exiscad, such as the general
structure and practices of the industry. This combination provided a basis on
which to make judgments as to the behavior of equipment-.-using industries. As
the scope of this project is very broad, in that regulations would potentially
affect all industries which use off-highway construction equipment, anecdotail
information about a broad range of topics gathered from conversations with
contractors and industry representatives made {t possible to determine which
areas should be studied extensively, and which areas did not need as much
emphasis. Most of the economic data was gathered from the 1982 U.S. Census of
Construction Industries and monthly issues of the California Construction
Review, while anecdotal information was gained from conversations with the
Construction Industry Research Board (CIRB), Associated General Contractors of

California (AGCC) and individual contractors,

7.3 THE CALIFO STRUC

An examination of the construction industry in California is of critical

importance to understanding several key issues relating to cost and compet-
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itive impacts of regulations on construction equipment which are used through-
out this study. This examination was used to:
e Identify firms which will be affected by regulations, i.e., which

sectors of the construction economy will be directly affected,
and who is likely to absorb the costs

¢ Analyze equipment buying patterns and usage, such as the sale and
resale of construction equipment, which are important to the
creation and analysis of an accurate construction equipment and
emissions inventory

® Analyze cost structures in order to understand the cost impacts
of regulation :

e Develop an understanding of potential regulatory and competitive
problems resulting from interstate/border county trade

e Determine enforcement needs and methods

Section 7.3.1 discusses the expected future trends in the California construc-
tion economy. Section 7.3.2 discugses several construction project categories
examined for cost impacts. Project cost structures and competitiveness issues
are discussed in 7.3.3 and 7.3.4.

7.3.1 Trepnds in the Construction Fconomy

In analyzing the potential impacts of regulations on the construction
industry, it is important to understand the direction trends for California
construction activity. Currently, total construction permit values amount to
only 1.15% of the Gross State Product. The forecast dollar value of resi-
dential, nonresidential and heavy construction activity in California is shown
in Table 6-5. This table shows a near constant level of total construction
activity through 2000. These forecasts are based on data from the UCLA

Business Forecast for Califormia and from historical figures received from the

Construction Industry Research Board, which are discussed further in Section

6. The number of residential and non-residential bullding permits are
expected to decline slightly throughout the 1990s but recover slightly by

2000 Some of the reasons for slow or negative growth in these comstruction

activities are:
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® slower income growth
e higher mortgage rates
e slower population growth

e movement away from a goods-producing economy towards a services-
oriented economy

e current excess capacity of non-residential structures,
o the proliferation of building restrictions and moratoriums on
growth.
It is reasonable to assume that nearly stable construction activity will

result in a constant level of equipment usage and fleet size in the future.

Since this study focuses on heavy construction activities, it {s appropriate
to discuss the role of heavy construétion in the California construction
economy. The most recent Census of Construction Industries reported that
heavy construction and general contracting firms amount to 4% of the total
number of California construction firms, Non-bullding/heavy construction
firms employ 13% of the construction employees in California. The contract
awards won by these firms constitute 10% of total permit valuation in Califor-
nia during 1986 and 1987, aﬁd 9% of the U.S. total for non-building construc-
tion in 1987. Heavy construction activity is expected to remain at its

current level through 2Q00, as discussed in Section 6.

This data is useful in understanding the role of heavy equipment in the
construction industry and can be used in calculating the cost impacts of
regulations on the construction industry. While heavy equipment is used in
areas other than heavy construction, heavy equipment usage is found primarily
in these activities, and heavy construction contractors may be the most
affected if equipment prices increase. Since most of the heavy equipment use
is found primarily in the building of roads, dams, and bridges, and {n site
preparation and development, these industries are examined and a "worst case
scenario” for cost impacts is developed for equipment-intensive sectors of the

industry.
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7.3.2 Selected Constructjion Categories

In designing this study, five construction categories were designated as areas
where cost impacts would be analyzed: Commercial building, residential
development, public works projects, utilities, and the activities of state and
local governments. These categories were chosen either because they were seen
as heavy equipment-intensive or because they constitute a large part of the
California construction economy. The following is a discussion of each of

these categories. 4

Residential /Commercia u in

While there is a great deal of commercial buildihg in California, amounting to
$5,718,634,000, or 15% of total California construction permit value in 1987,
commercial building is not typically equipment-intensive. Most of the actual
building is more labor-intensive, uses small equipment, or equipment such as
stationary cranes or hand-held equipment which do not fall into the categories
addressed in this study. However, since any new building requires site
development to some extent, either in érading and excavating the site or
putting in sewer and utility lines, heavy equipment is used during the initial

phases of the project.

Residential buildings accounted for 56% of the total dollar value of building
permits and contract awards in California in 1987. As with commercial
building, much of the equipment used in ihe activities involved in building
would not fall under proposed regulations. However, the site development
itself, either residential, commercial or industrial, is heavy-equipment
intensive. Again, this work is often done by specialty firms, who are
expected to pass costs increases on to developers. Large, earth moving land
development projects, such as the hillside developments in the Los Angeles

area, use heavy equipment extensively.
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Public Works Prolects
This study defines public works projects as highways, dams, bridges, or other

large-scale projects undertaken by local, State or Federal governments. These
projects are financed through taxation, and significant increases in the costs

of these projects would require additlonal sources of tax revenue.

The bullding of roads, bridges and dams requires extensive use of heavy earth-
moving vehicles. This sector is perhaps the most equipment intensive of all
construction activities which have been examined for potential regulatory
impacts. In 1987, building permits and contract awards for this category was
valued at $1,503,940,000 or 4% of total construction permit value in Califor-
nia., However, the Associated General Contractors of California indicated that
the number of very large road building projects nationally as well as in
-California is declining. This is primarily because the Federal Interstate
Program will come to an end in 1990, and the amount of space available to
build new highways going into and out of the major cities is declining. Rather
than constructing new highways, in many cases median strips are being removed
and replaced with road. Double-decker freeways are being considered in some
parts of the state. As road building decreases, it seems likely that bridge

construction, which uses heavy equipment extensively, will also decrease.

The congested traffic in most of the state’s major clities has led to the
planning and building of rapid transit systems, such as the Sacramente Light
Rail System and the Long Beach Rail. This was seen as a possible area where
heavy equipment use may be growing. 1In some cases these projects require
heavy earth moving, such as tunneling underground rail systems; however, the
Sacramento Light Rail system was built in existing railroad tracks, and did

not require the use of heavy earth moving equipment.
Public works projects'require extensive use of large construction equipment.

Although industry sources indicate that heavy construction projects are

expected to decline as a percentage of total construction in California in the
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coming years, these projects will remain extensive users of heavy equipment.
Therefore, the road, dam and bridge building contractors will be among the

most affected by regulations.

Utilicies

The building of gas, electric and nuclear utilities requires the use of heavy
construction equipment. This work is generally subcontracted out to special-
ized contracting firms. However, these facilities have ongoing use for
equipment in thelr dally operations, such as digging trenches and laying
cabl... The types of equipment-using activities vary across types of util-
iries; telephone companies and electric utilities erect poles for transmission
wires while gas companies must dig trenches to put in pipelines. Much of the
equipment required for these activities is smaller than 50 HP, and would not
fail under proposed CARB regulations. For example, Pacific Gas and Electric
in San Francisco indicated that of over one hundred pieces of self-propelled,
diesel vehicles in its fleet not already licensed for street use (which
comprise less than one percent of the utility’s total vehicles and equipment),
none were greater than fifty horsepower. Therefore, it does not appear that

regulations would significantly affect this sector.

State and Local Governments

Each of the 38 counties and 445 cities in California own off-rcad equipment
for road mainrtenance and for emergency situations such as flood control and
srow varoval.  In addition to equipment owned by local governments, CALTRANS
owns over nine hundred pileces of diesel off-highway equipment which are over
50 HP. The toral number of vehicles owned by these agencies has not yet been
assessed, but could amount to several thousands. EEA is conducting a mail-in
survey of all county and city Public Works Departments in California, and
results have not been tabulated. However, preliminary results indicate that
the total amount of equipment owned by county and city governments is large,

and that this sector could be impacted by proposed regulations.
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A study conducted by EEA of State and Local public works departments and
private contractors indicates that government agencles on average own their
equipment longerhthan private contractors as they have low annual usage rates.
Because of this, any regulatory impacts would occur over a longer time span in

this sector than the private sector.

7.3.3 Project Cogt Structures

Construction project costs consist of those charges resulting from parts,
equipment, labor, material, and fuel. The proposed legislation would increase
equipment costs and possibly fuel costs to equlipment users; therefore,
equipment costs as well as the usage patterns and buying decisions of equip-
ment users must be understecod in order to determine the total impact on

projects costs and on the lndustry, consumers and taxpayers as a whole,

Some of the information used here is anecdotal in nature, gathered from
conversations with contractors and industry groups. Project cost figures for
typical construction projects were supplied by contractors. Equipment costs
were furnished by contracters, equipment deélers. and rental agencies. The
analysis of project cost structures is divided into several parts. First, the
equipment usage and buying p;tterns of contractors are examined. Second,
equipment cost increases under three regulatory scenarios (low, medium, and
high stringency) are applied to the current prices of a variety of commonly
used construction machines in order to determine percentage costs impacts.
Finally, the cost breakdown of typical construction projects is analyzed to

quantify the effect of increases in equipment costs on overall project cost.

Equipment atterns/Usa

The importance of Investigating the equipment buyiﬁg patterns and usage of
contractors is twofold. Understanding what motivates contractors to buy

particular brands of equipment, or to rent rather than purchase certain pieces
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of equipment, gives insight into how increased costs of equipment or reduced
fuel economy might affect future buying decisions. Understanding the equip-
ment usage patterns of contractors aids in compiling an inventory of construc-

tion equipment, as discussed in Section 6.

Contractors both rent and own equipment, and it is not unusual for a firm to
own 75-85% of its off-highway construction equipment while renting the
remaining 15-25% of the equipment used in its projects. As a rule, larger
firms tend to buy more of their equipment than smaller firms, primarily
because heavy equipment is costly, and smaller firms may not have the
resources to maintain a large fleet. The decision to rent or own equipment is
a matter of equipment utilization; it is not cost-effective to purchase

equipment which is not used on a regular basis.

Several factors influence a contractor’s choice of equipment brands. Service
is foremost; the contractors contacted agreed unanimously that availability of
parts and good dealer support are the most important factors in the buying
decision. Price enters the decision-making process only if there is at least
a 10% price differential between the buyers preferred brand and another brand
of equipment. Service is more important than price because "down time" in the
construction industry is extremely expensive. Equipment fuel economy was not
cited as a factor in purchasing decisions, because contractors did not feel
that there are significant differences between equipment brands in terms of
fuel economy. In addition, the fuel costs are tracked only at an aggregate
Level, and contractors cannot typically distinguish between small fuel economy
differences of less than 5 percent. These facts are important in a regulatory
scnse since price Increases and decreased fuel efficiency may occur when

engines are upgraded to meet emissions requirements.
To fill gaps in their equipment fleets, firms rent equipment either from

rental companies or from owner/operators. There is little data available

regarding equipment rental agencies. According to Associated Equipment
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Distributors, who represent firms which rent, sell, service and supply parts
for heavy construction equipment (but not firms that only rent, sell or
service) there may be as many as 250 equipment dealers in California who sell
or rent new or used equipment. The precise number of rental dealers is not

known, nor is the total amount of equipment in the rental fleet.

Owner operators are individuals, often without contractors licenses, wheo move
from site to sice offering thelr eqﬁipment services. These businessmen own
backhoes, graders, skip loaders and other small to medium sized pleces of
equipment, and fill voids in larger companies’ fleets. It is unknown how many
owner/operators are working in California, but i{s has been estimated that
there are at least several thousand. These owner operators generally purchase
used equipment, either locally or from out-of-state auctions, and therefore

would not be affected immediately by regulations on new vehicles.

Equipment Costsg

The costs of off-road construction equipment vary greatly across equipment
types and sizes. Table 7-1 lists purchasing costs for a range of off-highway
construction vehicles. The table also shows maximum first cost increases
under the three regulatory scenarios considered. For vehicles under 120 HP,
the maximum costs are $100, -$1000, and $2500. The costs applied to equipment
in the 120-240 horse power range are $100, $1000, and $3750. For the largest
category, engines over 240 HP, the costs increases are $100, $1000, and $5000.
Note even that under the highest cost (Level III) scenario when costs were
imposed on the smallest pieces of equipment (the "worst case scenario"™), the
increase in price for any plece of equipment is less than five percent. Since
EEA is recommending that the Level III regulations be reconsidered in
1991/1992, the economic impact provides further justification for reconsid-
eration before imposition of these standards. 1In all cases, cost increases

amount to less than under Level I and Level 11 regulatory scenarios.
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If all equipment owners face the same changes in price, then no firm has a

competitive advantage over others, It is only when the possibility of local

or out-of-state firms buying equipment from outside California the state at a

cheaper cost is introduced that the competitive balance is discturbed. This
possibilicy is discussed in more detail in Section 7.5.

Project Cost Breakdownsg

Table 7-2 shows the labor, material and equipment breakdown for an example of
an earth moving preject. This data was contributed by one of the contractors
interviewed, and is a "typical" cost breakdown for that type of project. The
contractors contacted generally agreed that equipment costs as a percentage of
total project costs vary according to the nature of the job; however, thircy
percent is a reasonable estimate for the average earth moving job. It should
be remembered that the site preparation, etc., is only one stage in the total
building process, thereby reducing the role of heavy equipmenﬁ in actual total
project costs. It is likely that if equipment costs increase, the largest
impact on total costs will be a 3% increase in an area which comstitutes only

1/3 of total project costs (i.e., a 1% Increase in total project costs).

As noted previously, fuel economy is not considered a factor in equipment
purchasing decislons. Typical fuel costs, shown in Table 7-2, in the

example project amount to 6% of total project costs. Fuel cost increases due
_to engine recalibration are expected to be in the 2-3% range, or less than
0.2% of total project costs. Even in the cases where engines are converted to
pre-chamber type systems, the impact on ‘total project costs is less than 1

percent.

In heavy construction projects such as road building, where the projects
consist primarily of paving, grading, and/or excavating activities, the role
of equipment costs is more predominant. For this reason, road building has
been chosen to be used as an example of the highest possible cost increase.

Table 7-3 shows labor, equipment, and material breakdowns for several heavy




Table 7-2
Cost Breakdown 0f A Typical Site Preparation Project

Costs % of Tgw Costs
$190,800.00 oo%
Labor 13,600.00
Equipment :;‘fgz 00 %
Matenal P 40%
Mise £28,100.00 4%
Total $726.600.00 100%
Costs %of Equpment % of Total Costs
Equipment
Fusl, Oil and Grease $40,500.00 19% 6%
Maintenance $84,300.00 3% 12%
Cther $88,800.00 42% 12%
Total $213,600.00 100% 2%
Sour¢e: Teichert Construction
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construction activicies. These figures are taken from Means Heavy Comstruc-
tion Cost Data 1988, which is used by estimators in the construction industry
when bidding for jobs. The percentages displayed in Table 7-3 are in many
cases greater than fifty percent of the total costs. If the highest cost
increase scenarfo as shown in Table 7-1 is applied to a pro}ect whose total
costs consist of 80% equipment costs, such as arlarge road building project
using high horse power equipment, the 2-3% expected increase in equipment
costs will result in a 1.6 to 2.4% increase in total project costs. Across
all conmstruction activities, costs increases due to regulation will be less
than this "worst case scenario,” especially in building activities, where site
preparation accounts for less than 10% of total project costs, and equipment
cost increases of 2% will result in a 0.2% increase in total project costs.
In addition, road building is generally undertaken by state, county or city

governments and the worst-case burden falls on the taxpayer.

7.3.4 Competitiveness Issues

The potential impacts on the competitive environment in construction must be
explored in order to fully understand the total economic impact on an

industry. In some cases, due to the lack of quantitative information on this
subject, it was necessary to rely on the opinions and impressions of contrac-

tors, dealers, and other industry personnel.

Anecdotal information gathered from industry contacts and contractors provided
information on various competitiveness issues. There were two major concerns.
First, out-of-state contractors or contractors that buy equipment from outside
California might have a competitive advantage over California contractors as a
result of the proposed regulations. Second, that the existence of these
contractors, if widespread, may lessen the effectiveness of emissions restric-
tions on off-highway vehicles. The discussion of these issues divides into
two topiecs: the scope of construction work done in border counties, and the

transportation of equipment across state lines.
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Table 7-3

Labor, Material And Equipment CostsAs A Percentage Of

Total Costs For Selected Construction Activities

Excavating, bulk dozer, -
open site - 50" haul
common earth

Excavating, yench or
continuous footing hydraulic
backhoe - 1'10 4' deep -

Y4 c.y. common earth

Grading, site excavation and
fill - 300 HP dazer, 300" haul
Neytr

Paving, prepare an! roll sub-base
smail areas to 2500 sy,

Paving, base courss for roadways,
large paved areas - 3/4° stone
compacted to 6° deep

Source: Means Heavy Construction Cost Data 1988
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Regulations placed on construction equipment may cause some contractors o
have a competitive advsntage over others. In border counties, contractors
might face competition from out-of-state contractors, who could easily bring
equipment across the border. Conversely, out-of-state competitors may be
driven from or chocse to exit the market rather than buy equipment that meets
California emissions standards. The following {s a discussion of three issues
which effect these issues: the amount of construction activity in border
counties, the extent to which out-of -state contractors work in California, and

the amount of equipment movement across the California border.

Border Countiss

Industry contacts reported that there is very little heavy construction work
being done in the border counties of California. To support these claims,
data was gathered from the January 1988 California Congtruction Review,
published by the CIRB. In 1987, the total building valuation in border
counties amounted to 27% of total California building valuation, based on
building permits issued. The fifteen counties considered border counties are
shown in Figure 7-1 and are as follows: Del Norte, Siskiyou, Alpine, El
Dorado, Imperial, Inyo, Lassen, Modoc, Mono, Nevada, Placer, Riverside, San
Bernardino, Sierra and San Diego. When the values for San Bernardino County,
Riverside County and San Diego'CounCy. all of which contain iarge Metropolitan
areas, are removed from the calculations, total construction permit values in
the remaining 12 border counties drops to 3% of state totals for total

building valuation.

As there is little construction activity in the border areas of California, it
is difficult to estimate how those contractors doing business in these regions
may be impacted, if at all. Moreover, concerns regarding the widespread
transportation of equipment from other states into border counties regions

would appear to be unfounded.
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Figure 7-1
.California Border Counties
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Qut-of-Sctate Contractors

According to Iindustry sources, out-of-state contractors account for only 2-5
percent of the total dollar value of constructlion work done in California.
Generally, out-of-state firms enter the California market for large, special-’
ized, and/or long-term projects such as off-shore oil projects or dams. In
the heavy construction industry, it appears that the competition is primarily
from local firms, and therefore few firms are transporting equipment in order
to work across state lines. This situation is influenced by licensing
restrictions placed on contractors in California. To operate as a construc-
tion contractor in California a firm must first obtain a California license,
which requires passing a test on the legal and trade aspects of the construc-

tion industry.

Because of moving costs, legal requirements, and the corporate taxes that must
be filed in California, out-of-state contractors find {t economical to bid on
several jobs within the state rather than just one. Firms such as large
nationals or internationals who wish to enter the California market find it
easier to set up offices in California, and therefore do not operate per-
manently as out-of-state contractors. It should be noted, also, that these
large firms are often the owners, developers, or general contractors for

projects, and usually subcontract the site work to local earth-moving firms.

Equipment Movement

Most contractors buy new equipment from California dealers, but some buy
equipment from out-of-state dealers if there is a significant price differ-
ential. The contractors contacted agreed unanimously that dealer support and
parts supply were the most important factor in purchasing equipment, rather
than purchasing costs or fuel economy. Contractors reported that buying from
out-of-state dealers would require a price differential of at least 10-15%, to
compensate for the loss of local dealer support and the costs of transporting

the equipment. Thus, if regulations increased the price of California
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equipment by only 2-3%, then there would be no price advantage to buying

equipment from other states.

Wwhen discussing equipment transportation with contractors, responses varied.
Generally, if a contractor is working on an out-of-state job but rental
equipment is available nearby, it is probably more cost-effective to rent
rather than to transport equipment. If equipment is pu;chased from non-local
dealers, the cost of fransporcing adds to the total cost of the equipment.
Transporting equipment can be very costly; for example, to move a Caterpillar
D9 Dozer can cost $2,500-53,000. To relocate all the equipment needed for a
job could be extremely expensive. However, some contractors and rental
agencies contacted stated that if a firm owns their fleet, it may be more
sensible to utilize equipment in which they have already invested their money

rather than to spend resources on rental equipment.

The duration of a project and the extent to which specialized equipment is
used are factors in the decision to rent versus transport equipment. If a job
requires specialtized equipment which may be difficult to rent locally, it may
be necessary for a large national firm to transport that equipment if it is in
the company's stock. For long-term projects, the cost of renting locally may

be greater than the cost of transporting a company’'s fleet to the site.

In summary, it is not necessarily clear what decisions an out-of-state firm
will make regarding the movement of its fleet. Costs, types of equipment
used, the availability of locally rented equipment, and the duration of a
project all factor into the decision. However, as these firms constitute only
2-5% of California construction values, it is not likely that their presence
will result in significant anti-competitive effects due to emissions regula-

tions on California construction equipment.

7-22

f—



7.4 G AG CALIFO

The purpose of this section {s té briefly describe the amount of mining,
forestry, and agriculture activity in California, and the types of equipment
used in these activities. Although proposed regulation are not directed
towards these sectors, each may be affected due to the use of certain types of
equipment. Some of the equipment used in construction activities, such as
backhoes, loaders, tractors, and haulers, are used extensively in these non-
construction acctivities. An equipment inventory representing agriculture/for-
estry has been developed by Power Systems Research, and is discussed in
Section 6. Mining equipment is part of the inventory developed by Construc-
tion Equipment Magazine's Universe of Construction Equipment, also discussed

in Section 6.

Mining
The California mining industry accounts for approximately 5% of the total U.S.
mining value of shipments. Seventy-eight percent of this is contributed by
the oil and gas extraction industry. Heavy equipment is used in the industry
preparing well sites, laying pipelines, and building roads to new sites. Most
of the other activity is in gravel pits, but a few gold mines have opened in

Northern California recently.

-The equipment types used most predominately in the mining industry are large
off-highway trucks, as shown in Table 7-4. Data used in this table is from
Construction Equipment Magazine'’'s Universe of Construction Equipment survey,
and shows the distribution of selected types of construction equipment across
construction, wining, materials handling, government, utilities, and other
categories. The "other” category includes agriculture, logging, and manufac-
turing. The purpose of and methodology used in this survey are discussed in
Section 6 of this report. Since most of the equipment used in gravel pits and
mining are large, high horsepower machinery, an exemption for such machines is

suggested under the regulatory scenarios.
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Ownership Distribution Of Selected Equipment Types

Equipment Type

Crawier Dozer

Crawler Loader

Crawier-Mourted Hydrauiic Excavator
Wheel-Mounted Hydraufic Excavator
Truck-Mounted Telescopic Hydraufic Excevator
Articulated Moter Grader

Rigid Frame Motor Grader
Ofi-Highway Rear Dump Truck
Oft-Highway Articulated Rear Dump Truck
Qtt-Highway Tractor-Trailos Rear/Side Dump
Cpen Bowl Conventional Scraper
Savating Scraper

Skid/Steer Loaders

Tracter Backhos Loaders

Chain-Type Tranchers

Wheei-Type Trenchers

Wheel Loaders

Lattica Boom Crawier Cranes

Lattics Boom Truck Cranes

Rough Temain Cranes

Hydraulic Truck Cranes

Rough Terrain Telescopic Forkiifts
Rough Terrain Verticle Mast Torklits
Asphalt Pavers

Concrate Pavers - Slab

Concrete Pavers - Shipiorm

Concrste Pavers - Combination
Wheel-Mounted Planers/Profilers
Crawler Mounied Planery/Profilery
Orum Rollers & Compaciors

Rubber Tired Rollers

Table 74

By End-User Category
Construction
a1 70
4.7 ﬂ
820 a1
818 32
na 40
T 2
663 70
211 . 803
518 7
28 465
T3 T4
81.0 33
76.3 29
X &7
478 40
5.1 0
562 8.4
649 6.0
751 6.7
68.0 1.8
834 6
878 29
80.0 48
81,0 1.7
9.0 0.0
949 0.0
w0 0.0
5.0 00
809 23
747 21
8.1 1.7

Source: Construction Equipment Magazine, “Universe of Construction Equpment
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Mining Materialy

108
30
4.3

0.0

00
43
74
142
1.3
244
68
5.8
78
87
70
EA
142
122
6.1

50
65
0$
05§
00
00
43
73
85
8.1

Governmant

42
42
18
4.1
151
130
8.5
18
10
13
10
4.1
28
42
24
46
5.7
23
26
20
28
19
32
s
44
44
10
93
36
52
12

Utiltes

96
4
67
a4
20
17
62
18
27
00
&5
45
82
62
R4
23
98
50
38
78
43
10
34
0
05
07
00
1.4
23
12
75

Other




Agriculture/Forestry

California represents less than 4% of the total number of farms in the U.S.
From 1950 to the present, the number of farms has been declining both nation-
ally and in California. The construction equipment used most frequently in
agricultural activities are backhoes and skid/steer loaders. Although they
are nurerous, elghty-five percent of all skid-steer loaders sold in the U.S.
are under 50 HP, and would not fall under proposed regulations. However,
backhoes, which are used a great deal in agricultural activities, would fall
under regulations. Anecdotal information suggests that backhoes used in
farming are usually purchased used, and any increase in first cost (price) -
would not be felt by farmers for several years. 1In addition, any initial cest
increases may or may not affect resale prices 6 to 9 years down the road.

‘This information suggests that the {mpact of emission regulations on farming
will be very small. Of course, for that swall fraction of farmers that do buy
new equipment such as skid-steer loaders, or backhoes, witk engzines over 50 HP
output, there will be a cost increase. EEA does not believe that there are
any simple methods available to segregate units used In agriculture to exempt
them from emission standards. One possibility would be to provide a "refund”

or tax-abatement to such consumers at the time of income-tax filing.

The equipment used in forestry operations generally overlaps those used in
construction. Therefore, it will be difficult to insulate the forestry
industry from the effects of regulation. EEA suggests that certain pieces of
equipment, such as feller bunchers and log skidders,’ might be exempted from
emissions regulations in order to prevent undue hardship on the forestry

industry.

Used primarily in logging operation.
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7.5 E UIPMENT ¢ ING IND

Qur analysis of technology in Section 4 showed that under Level 1 and Level II
emissions scenarios, it is the engine manufacturer who is principally
affected. In some instances, as in conversion from a naturally aspirated
engine te a turbocharged one, due to the imposition of Level II standards, the
equipment manufacturer is also affected, but such cases are likely to occur in
only 10 percent of the new equipment fleet. The lead tit. recommendation for
level II standards is 5 years, which also is typical of the design life cycle
for equipment. Hence, 1t provides adequate time for equipment manufacturers

to react to changes in engines.

In the technology analysis section, it was indicated that Caterpillar,

Cummins and Deere accounted for a large (-50%) fraction of the total heavy-
duty construction type engines sold in California. The rext set of manufac-
turers such as Deutz, Komatsu, IH and Perkins probably account for 25 te 30
percent of the engines sold. The remaining 20 percent is divided among
another 14 or 15 manufacturers each with market shares in the 0.5 percent to 2
percent range. In absolute terms, each percent of the macket is 50 to 70 unit

sales,

Engine manufacturers face the following costs to bring cthe engines into

compliance:

e component costs for emission control
development costs to bring each engine family into compliance
certificacion costs

liability associated with recall

investment in new test facilities.

Of chese costs, all except component costs (discussed in Section 4) are fixed
costs dependent on the number of engine families being ce-zified, but not on

sales volume. Moreover, research and development costs arc typically expensed
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by all mpanufacturers, and, therefore, not associated with costs applied to a

specific engine line,

The economic impact analysis is very sensitive to the regulations employed in
California. Three specific suggestions were provided to ARB in Section 5.
They are:
e a "carry over" of certification of engines certified to equivalent on-
highway standards
e the deletion of the requirement for a durabiliry test
e a low sales volume exemption for up to three engine families of a specific
manufacturer whose sales are less than 10 units/year.
Our economic impact analysis assumes that ARB will implement these or similar

suggestions to estimate the total compliance burdens.

In order to develop an estimate of engine families, we used the information on
the types of engines sold (shown in Section 4) by engine manufacturer. As an
example, Caéerpillar offers five different series of engines, 3110, 3200,3300,
3400 and 3500. We assumed that each engine could be offered in naturally
aspirated (NA) turbocharged (T) and turbocharged/afrercooled (TA) versions
except for the 3400/3500 series where no naturally aspirated versions would be
offered. Of these, only the following engine families would not bé certified
to on-highway equivalent standards for Level 1I: the 3110 NA, 3300 Na, 3300
T, 3400 T, 3500 T and 3500 TA. The 3500 series is used on relatively low
sales volume applications, and would probably qualify for _.he low volume
exemption as two engine families 3500 T and 3500 TA. This would leave only &4
engine families for certification to California off-highway standards. The
carry over of 1986-1990 HDT certification would mean that many off-highway
engines will meet Level II standards even in 1991/1992 tc reduce certification

-
costs.

Manufacturer comments on the draft report were not in agreement as they
believed that number of cylinders would also be a distinguishing factor,
leading to more "families" than anticipated by EEA,
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Table 7-5 shows the possible certificacion strategy under {alifornia regula-
tions which allows 3 exempted engine families per manufacturer with sales less
than 10 units per year, and carry-over certification of or-highway engines
certified to Federal 1990 heavy-duty diesel standards. Ths total number of
"families" is estimated at 96. In contrast, the CAL/ERT :tudy presented data
that {(on the hasis of EEA analysis) indicates a total ¢ 230 "families.™ It
is believed that the CAL/ERT study classified each HP r.iisg as a different
"family" whereas the EEA family covers several HP ratinis. Typically, each
engine family covers 2 to &4 diffezént ratings of horsepower and RPM (this is
also true for on-highway engine families). At 3 ratings per EEA "family," the
EEA estimate (96x3) is closely comparable to the CAL/ERT study estimate of 280
families. In their comments, the engine manufacturers did not agree with this
analysis. Thelr response stated that the CAL/ERT stuly uscd EPA-designated
classifications, but the response provided no document..ron of the 280

families estimate.

Certification costs are directly proportional to the numbe: of engine
families. As can be seen from Table 7-5, EEA anticipates that only 34 engine
families will be certified for the off-highway market uniquely. These,
however, will be the high sales volume units. Based u: .. distribution of

sales of engines, EEA estimates the sales volume breakout as follows:

o families certified to off-highway standards 4,000
o families certified to on-highway standards 1,500
o exempt families 300

Total Sales 5,800

Thus, each certified family will sell 120 units per yzar on average. There is
likely to be considerable variance from the average. However, manufacturers
selling 20 to 50 units per year may attempt to consolidate their engine
families or leave the California market altogether. Of the 90 to 100
families, EEA anticipates that 10 families may be in this position, and

7-28




TABLE 7-5

POTENTIAL OFF-HIGHWAY FAMILIES
CERTIFICATION STRATEGY

On-Highway Off-Highway
Mapufactuer =~ Total Families Gercified LXeapt Certified
Domestic
Caterplillar 13 ' 7 2 4
Cummins 13 6 3 4
DDA | g 3 5 2
Deere 8 1 5 4
IH 4 4 0 0
Foreign
Komatsu 13 0 3 10
Deutz 7 2 3 2
Perkins 4 1 3 0
All Others 26 4 14 - 8
TOTAL 96 28 34 34
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manufacturers will decide to delete these engines or consolidate them with

other engine lines. -

Certification costs were based upon a "free market" cost of having South-West
Research provide certification type tests and data. They have quoted a
certification cost of $22,000 per family, covering two HP ratings (the highest
and lowest). The South-West Research figure was cited by Deere for the

transient test and it is possible that a steady-state test wilii be cheaper.

Paperwork costs were estimated at $2,500 per family by the CAL/ERT study. EEA
has allocated $3000 per family to adjust for effects of infla;ibn. Total -

certification costs are:

e Paperwork 96 x 3,000 - $288,000
e Certification test 34 x 22,000 = $748,000
Total = 51,036,000

Development costs were estimated as follows by the CAL/ERT study. To meet
Level T standards, the study estimated a team of one engineer and two tech-
nicians would require six months to bring the engine intc compliance., EEA's
study of the manufacturers reveals that most manufacturer:z are already capable
of certifying to Level I standards, and we have reduced the average time
required to three months to check and optimize fuel injection pump timing. —
The cost per year of the team, adjusted for inflation is $210,000/yeaé_based

on the CAL/ERT study. Thus, the cost per certified family is $52,000, for a

total cost $1,785,000 for the 34 certified families. 1If the CAL/ERT estimates

on the total number of families is more appropriate, cost: will be three times

as high, i.e., about $6 million.

The R&D to meet Level II standards will vary greatly by manufacturer. Cummins
and Caterpillar already have extensive knowledge of technology to attain this
standard, while Deere may require substantial R&D efforts to meet these -

standards. The CAL/ERT study estimated that it would require the team of one
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engineer and two technicians a year to meet a 6.0 HC + NO, standard (no
particulate standard). In the absence of any alternative ‘data, EEA has
utilized the same estimate to cost the R&D effort for Level II standards,

i.e., $210,000 per engine family. The total cost is:

34 x 210,000 or $7,140,000 million.

Given the uncertainties facing attainment of Level I1I standards it is
difficult to estimate the cost of an R&D effort to meet these standards. Much
will depend on the transferability of trap technology to off-highway equip-

menct.

Manufacturers may also need to install new dynamometer equipment to handle the
additional testing and certification burden. Our conversations with manufac-
turers indicated that a steady-state test facility with particulate measure-
ment capability costs about $1 million. It is not clear; however, that a
significant number of new facilities will be needed. Cummins and Caterpillar
may need to add one or two facilities each to ecertify iour engine families (as
shown in Table 7-5) as they already face a large certification and development
burden for their on-highway engine families. Deere and Komatsu, on the other
hand, may not need to add any facilities since they do not face the same
burden for on-highway emissions certification. Each facility i{s capable of
supporting certification and development of one engine fazily according to the
CAL/ERT study. Given excess capacity, EEA believes that approximately 12
facilities will be added worldwide to certify the 34 add.:ional families,
requiring a worldwide investment of $12 million. The average cost of capital
is about 12 percent, and if these facilities are depreciated over 10 years, a

total annual cost of $2.64 million is associated with facility costs,
At the individual manufacturer level, an example of a manufacturer certifying

4 families for the off-highway California market is as follows, assuming one

new dynamometer facility is added.
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e Certification cost: $ 100,000

e Development cost (Level II): $ 840,000 -

e Annual cost of one dyno-facility: $ 220,000

e Paperwork (13 families): $_ 39,000 i
Total Cost: $1,199,000

Thus, the annual increased burden in any one year is on the order of $1.2
millien. In contrast, the total 1986 R&D budget for Cummins was $125 million,
Komatsu was $184 million, Deere was $224 million and Caterpillar was $308
million. These expenses therefore amount to no more than . percent of the R&D
budget for the major companies. The size of the R&D budge: for other manufac- -
turers such as IH, Deutz, DDA and Perkins is also very larye relative te the

annual expenses incurred in meeting California standards. Again, if the

number of families is much larger as suggested by the Engine Manufacturers
Assoclation, three dyno facilities would be needed, and the manufacturer would

certify 12 families in this example, so that total costs will be approximately

§3.6 million.

Assuming that a given set of standards are in place for three years at least
and the certification and R&D expenses can be associated with three years -

worth of sales volume, the total annual expenses for all manufacturers are as

follows:

e Certification costs § 345,000/yr
o R&D Costs (Level II) s 2,380,000/yr -
e Faclility Costs. § 2,640,000/yr

Total Costs § 5,365,000/yr

The volume of certified engines is estimated to be 4000 units per year.
Hence. the net burden of R&D and certification to meet Level 11 standards is

$1,350, a very significant sum. If the number of famil-2s is much larger, as
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clalmed by EMA, the net burden would be about $4,000 per engine. 1In contrast,

the variable cost of $240 per engine 1is a much smaller amount.

It is not clear that Caiifornia customers will be paying the fixed cost burden
of §1,350, as R&D costs, facility costs and certification costs are expenses
from an overhead pool. Moreover, if EPA enacts standards for off-highway
engines, the unit cost burden associated with fixed costs will fall by a
factor of 10. Aithough fixed costs are presented here, its use in a cost
benefit analysis for California is not clear, if California customers are not
paying for such costs. The EMA's suggestion that there wouid be three times
as many families does not appear realistic, and no documentation was provided
to support such an estimate. The issue of separate certification families for
engines that vary only by number of c&linders, but are otherwise equivalent In
displacement/cylinder, aspiration, and fuel injection {s important for
transient cycle emissions, but much 1es§ for steady-state cycles. ARB
permission to merge across engines differing only in number of cylinders into
one family would reduce costs to levels indicated by EEA's analysis. Even if
this is not cthe case, we expect the total number of families to increase to
about 125 (from 96) with "off-highway cercified” to about 45, "exempt" to
about 45 and "on-highway certified"” to 35. The costs would therefore be
significantly less than those estimated by EMA. ARB can request manufacturers
to provide details on the number of families and sales volume to obrain a more

accurate cost estimate.
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8. AIR QUALITY ANALYSIS

8.1 OVERVIEW

The effects of off-highway construction equipment on air quality can be
considered at the regional level or at a more microscale level where impacts
could be greater. Gilven that there are only about 125,000 construction
machines in comparison to a total on-highway fleet of 15,000,00b vehicles in
California, it can be anticipated that the impact on air quailty is relatively
small. The emphasis in this air quality analysis was on microscale modeling
around simulated construction sites where high concentrations of heavy-duty
construction equipment would be found. Thus, the Point, Area, and Line (PAL).
source model has been applied to examine short-term concentrations downwind of
construction sites where emission impacts of construction machinery are likely
to be the highest. Two different constructlion site situations are modeled.
One is a new residential subdivision with about 10 pieces of equipment. The
other is a construction project adding a lane to an existing highway. Uncon-
trolled and controlled emission cases are simulated to see whether there is a
discernable effect on ambient alr qualictv levels In rhe vicinity of the

construction sites.

The comﬁlexities of modeling the effects of NOXx and HC control on regional air
.quality and ozone prevented an extenslive or rigorous an:lysis. Rather, the
concepts embodied in the Empirical Kinetic Modeling Apgz=oazh for an urban area
like Los Angeles were utilized to provide an approximate estimate of regional

air quality effects.

8.2 MICROSCALE MODELING

PAL is a method of estimating short-term dispersion usinz Gaussian-plume

steady-state assumptions. The algorithm can be used for estimating concentra- -
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tions of non-reactive pollutants at 30 receptors for averaging times of from 1
to 246 hours, and for a limited number of point, area, and line sources (30 of
each type). Calculations are performed for each hour. The hourly meteor-
ological data required are wind direction, wind sﬁeed, stability class, and
mixing height. Single values of each of these four parameters are assumed
representative for the area modeled. The semsitivity of model results to
changes in these parameters is presented in the analysis, though. Appendix B

provides some modeling details on PAL.

The PAL algorithm is not intended for application to entire urban areas, but
is intended, rather, to assess the impact on air qualicy, on scales of tens to
hundreds of meters, of portions of urban areas such as shopping centers, large
parking areas, and alrports. Level terrain is assumed. Subroutines are
included that estimate concentrations for multiple-lane line and curved path
sources, special line source (line sources with endpoints at different heights

above ground), and special curved path sources.

PAL is an EPA guideline model. While not on the preferred list, it is
approved for use by EPA. It has been chosen for application in this study
because it is believed to be more appropriate for modeling both residential

construction sites and higlways than any of the preferred air quality models.

The air quality impacts of hydrocarbons (HC), NO,, and particulates from heavy
duty construction equlpment were evaluated using the PAL dispersion model.

The attributes that make this a desirable model to use for.evaluating the air
qualicy impacts of this type source were described earlier. Two different
construction situations were modeled. First, development of a thirty lot
subdivision was modeled as an area source using two different configurations.
Second, the addition of a 0.5 mile long extra lane to a median strip of an

existing highway was modeled as a line source.

8-2




8.2.1 Ares Source Modeling

The two different physical configurations for the subdivision modeling are
shown in Figures 8-1 and 8-2. These figures show that the area source in
configuration number 1 (Figure 8-1) was oriented along the southern boundary
of the subdivision and was confined to the southernmost six lots. In con-
figuration number 2 (Figure 8-2) rhe area source encompassed 5 lots oriented

north-south and located approximately in the center of the total subdivision.

Source strengths for each area were determined by summing the HC, NO,, and
particulate emissions from each piece of heavy duty construcrion equipment and
dividing the total by the total area over which the equipment was operated (6
and 5 lots for area source configuractions 1 and 2 respectively). It is
assumed that all equipment was operating and was within the shaded areas in

Fligures 8-1 and 8-2,

Receptors were located at the corners and mid-poinzs of each side of a
rectangle 0.5 km larger in all directions than the subdivision. This was done

to simulate "fenceline" conditions. Receptor heights were 1.5 meters.

8.2.2 Line Source Modeling

The addition of the extra lane to an existing median strip was modeled by

establishing an east-west line source 0.5 miles long and +J yds. wide.

The source strengths for the line source modeling were al:.. determined by
summing the total HC, NO,, and particulate emissions from zach piece of heavv
duty construction equipment and dividing by the area over which the equipment

was operated.

Receptors were located at the corners and mid-points of 2ach side of a

.rectangle 0.5 km larger in all directions than the extra lane. Again, this
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was to simulate what could be considered "fenceline™ conditions., The location

of the line source and receptors are shown in Figure 8-3,

8.2.3 Meteorological Data

Meteorological information from airports located in Omctario, CA and Fresno, Ca
was used as model Input to evaluate the source contritutors to the various
receptors. Hourly observations of wind speed, wind direction, and temperature
for the first day of January, April, July, and October of 1972 (for Ontario)
and 1986 (for Fresno) were evaluated and data for the hours 0700 to 1700 were
extracted. These hours were thought to constitute a "rnormal” length construc-
tion day. The first day of each of the above months wzs chosen as a random
seasonal observation to simulate the potential conditionms likely to be
observed at cﬁnstruccion sites in California. No information on mixing height
and stability was included with the data available, so estimates of these
parameters were made. Stability was estimated using wind speed information
and mixing height was allowed to vary from 500 meters at 0700 hours to 1200
meters at 1700 hours. Stability classes considered ranged between neutral and
unstable. The mixing heights used at 0700 and 1700 are typical morning and

afrernoon values for Caliifcrnia. Intermediate hour values were interpolated.

Qutput from PAL can be generated for each receptor both on an hourly basis and
as an average concentration for the total numbers of hours considered.

Average concentration information is presented here, but hourly information is
available. Additionally, the meteorology data and source strengths are

summarized in the output generated by the model.

8.2.4 Results

Concentracions of all pollutants considered were extremely low. This is
partly due to the manner in which the sources were modeied. No piece of heavy
duty construction equipment will remain in the same position for one hour,

much less over the time period involved in a normal working day. This means
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that the individual pieces of equipment cannot be modeled as point sources,
but rather must be modeled as area or line sources. As a consequence, the
model input requires information on source strengths in unics of grams/sec-m2
for area sources and grams/sec-m for line sources. When the emission rates
provided for the heavy duty equipment are spread out over the areas involved
in the construction activities considered here, they tend to be relatively
small. Thus, their air quality impacts also tend to be reiatively small,

Some effort was made to maximize these ilmpacts by limiting all of the pieces
of equipment to only a portion of the potential work area (see Figures 8-1 and
8-2). There is no reason that each individual plece of equipment couldn’t be

utilized in a separate subdivision lot.

The information below shows that the average hourly concentraticn of NO,, HC
or particulates is always less than 1074 grams per cubic meter. The values
presented below show the maximum concentration at any receptor, the receptor
where the maximum concentration was found and the meteorclogical data month
resulting in the maximum concentration. A value of 1 for the meteorological
data month represents January data, 2 represents April data, 3 represents July
data and 4 represents October data. Receptors are numbered 1 through 8.
Receptor number 1 is located in the southwest cormer of the receptor grid.
Receptor 2 is located ac the midpoint of the southern boundary iine of the
grid, receptor 3 the southeast corner, receptor 4 at the midpoint of the
western north-south boundary line, receptor 5 at the midpoint of the eastern
north-south boundary line, receptor 6 at the northwest corner, receptor 7 at
the midpoint of che northern boundary line and receptor 8 at the northeast
corner of the grid. For the Base Case, and all three control scenarios, the
minimum concentration of at least one of the receptors was zero. For this
reason, minimum values are not presented here. This meant that the wind
direction did not cause transport of the pollutant considered to that receptor

.for the meteorological conditions modeled.
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Modeling results are summarized in Table 8-1 for NO, and in Table 8-2 for

particulates, and Table 8-3 for HC.

Concentration values are given in micrograms/cubic weter for particulates and
HC and in ppm for NOx. The Delta column in the tables represents the con-
centration difference between the Base Case and the different control scen-
arios. Units are the same as the concentration units. A positive value
represents a net air quality improvement over the Base Case. A negative value
represents a degradation in the owverall air quality re.acive to the Base Case.
It should be noted that the receptors that showed the waximum average con-

centration levels also showed the maximum delta values.

The data presented in Table 8-1 for NOx show that for all modeling results,
the maximum average hourly concentration is well below the one hour California
standard of 0.23 ppm. These results also show that all maximum average hourly

NOx levels are at least a factor of 3 lower than the national annual standard

of 0.053 ppm.

Farticulate levels are considerably lower than either the national 24 hour
standard of 150 micrograms/cubic meter or the nationai annual standard of 350
micrograms/cubic meter. It should be pointed out that :ine p;rticulate
concentrations developed with the model and presented iz Table 8-2 represent
only particulates generated by the vehicle engines. Fujitive dust emissions
generated as the result of operating the equipment woul:o cercainlf result in

higher particulate levels than those reported here.

There are currently no national hydrocarbons standards t: compare the modeling

results with; however, the values presented below are extremely low.

8.3 EFFECTS OF EMISSION CONTRO EGIONA UALITY

The likely effectiveness of VOC and NO, controls within a region depends on

their relative concentrations in the atmosphere. The higher the ratio of
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Area Source Configuration #1

Table 8-1

NOy Modeling Results

Ontario Met. Data

Base Case
Scenario 1
Scenario 2
Scenario 3

Base Case
Scenario 1
Scenario 2
Scenario 3

Base Case
Scenario 1
Scenario 2
Scenario 3

base Case
Scenario 1
Scenario 2
Scenario 3

Base Case
Scenario 1
Scenario 2
Scenario 3

Base Case
Scenario 1
Scenario 2
Scenario 3

Max. conc.® Delta Receptor Met. Month
0.012713 9 1
0.009761 0.002952 9 1
0.006473 0.006239 9 1
0.005%04 0.006809 S 1
Area Source Configuration #1 Fresno Met. Data
Max. Conc. Delta Receptor Met. Month
0.016798 3 1
0.012899 0.0038%9 3 1
0.008E559 0.008239 3 1
0.007803 0.008995 3 1
Area Source Configuration #2 ontario Met. Data
Max. Conc. Delta Receptc: Met. Month
0.013505 10 4
0.010351 0.003154 10 4
0.006856 0.006649 10 4
0.006229 0.007277 10 4
Area Source Configuration #2 Fresno Met. Data
Max. Conc. Delta Receptc- Met. Month
0.015303 3 2
0.011729 . 0.003574 3 2
0.007771 0.007532 3 2
0.007053 0.00825 3 2
Line Source Ontario Met. Data
Max. Conc. Delta Receptcr Xet. Month
0.013351 130 4
0.010234 0.003117 10 4
0.006782 0.006569 1¢ 4
0.00617 - 0.007181 16 4
Line Source Fresno Met., Data
Max. Conc. Delta Receptor @ Met. Month
0.006569 4 2
0.005034 0.001536 4 2
0.003335 0.003234 4 2
0.003037 0.0035322 4 2
Concentration and Delta values in ppm
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Tacle £-2

Particulate Modeling Results

Area Source Configuration #1 Ontario Met. DJata

Max. Conc.* Delta Recepto:: Met. Month
Base Case 1.074 9 1l
Scenario 1 1.343 ~-0.269 9 1
Scenario 2 1.253 -0.179 9 1
Scenario 3 0.6266 0.4474 9 1

Area Source Configuration #1 Fresno Met. Data

Max. Conc. Delta Receptor Met. Month
Base Case 1.419 3 1
Scenario 1 1.774 -0.355 3 1
Scenario 2 1.656 -0.237 3 1
Scenario 3 0.828 0.591 3 1

Area Source Configuration #2 - Ontario Met. Data

Max. Conc. Delta Receptor iet. Month
Base Case 1.108 10 4
Scenario 1 1.424 -0.316 10 4
Scenario 2 1.345 -0.237 10 4
Scenario 3 0.6329 0.4751 10 4
Area Source Configuration #2 Fresno Met. Data
Max. Conc. " Delta . Receptor Met. Month
Base Case 1.2585 3 2
Scenario 1 l1.613 -0.358 3 2
Scenario 2 1.524 . ~-0.269 3 2
Scenario 3 0.717 : 0.538 3 2
Line Source ontarioc Met., Data
Max. Conc, .Delta Receptor Met. Month
Base Case 1.129 i0 4
Scenario 1 1.389 -0.26 10 4
Scenario 2 1.31 -0.181 10 4
Scenaric 3 0.6543 0.4742 10 4
Line Source Fresno Met. Data
Max. Conc. Delta Receptor Met. Month
Base Case 0.5553 4 2
Scenario 1 0.6831 -0.1278 4 2
Scenario 2 0.6442 -0.0889 4 2
4 2

Scenario 3 . 0.3221 0.2332

* . . . -
Concentration and Delta values in micrograms/cubic meter
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Area Source

TABLE §-3
Hydrocarbon Modeling Results

Configuration #1 Ontario Met. Data

Max. conc.* Delta
Base Case 2.148
Scenaric 1 1.79 0.358
Scenario 2 1.432 0.716

Scenario 3 1.

Area Source

432 0.716

Configuration #1 Fresno Met. Data

Base Case 2
Scenario 1

Max. Conc. Delta
.B39
366 0.473
892 0.947
892 0.947

2.
Scenario 2 1.
Scenario 3 1.

Area Source

Configuration #2 Oontario Met. Data

Base Case 2.
Scenario 1

Max. Conc. Delta
215
.978 0.237
5013 . 0.712
.503 0.712

1
Scenarie 2 1.
Scenario 3 1

Area Source

Configuration #2 Fresno Met. Data

Base Case 2.
Scenario 1 2.
Scenario 2 1.

Max. Conc. Delta
509
241 0.268
703 0.806
703 0.806

Scenaric 3 1.

Line Source

Ontario Met. Data

Base (Case 2.
Scenario 1 1.

Max. Conc. Delta
224
519 0.305
501 0.723

Scenario 2 1.
Scenario 3 1.

Line Source

501 0.723

Fresno Met. Data

Max. Conc. Delta
Base Case 1.094
Scenario 1 0.9441 0.1499
Scenario 2 0.738s6 0.3554
Scenario 3 0.7386 0.3554

]
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Receptor Met. Month

9 1

9 i

9 1

9 1
'Receptor Met. Month

3 L

3 -

3 -

3 i
Receptor Met. Month

10 4

10 4

10 4

10 4
Receptor Met. Month

3 2

3 2

3 2

3 2
Receptor Met. Month

10 4

19 4

10 4

10 4
Receptor Met Month

4 2

4 2

4 2

4 2

Concentration and Delta values in micrograms/cubic meter




organics to NO,, the more likely NO, controls are to be beneficial. Evidence
suggests that each city can be characrerized in terms of a critical NMOC/NO,
ratio above which control of NO, may be beneficial in reducing ozone. Based
on currently available information, EPA believes a critical ratio may be about
10:1. Recognizing this potential for NO, controls to contribute in an ozone
attainment strategy, EPA proposes in their post-1987 policy to require ozone
SIPs to evaluate the effectiveness of locally implemented NO, control where
the median ambient NMOC/NO, ratioc is equal to or above 10:1. Below this

ratio, benefits of reducing NO, {n addition to VOC are lecs likely.

Considering Figure 8-4 as an example Empirical Kinetic Modeling Approach
.(EKHA) diagram for a high-oxidant urban area, the proportions of total HC and
NO, for heavy construction equipment under different scenarios along with ARSB
estimates of total state-level HC and NO, emissions can be used to provide
rough estimates of how 05 levels might change in an area _ike Los Angeles.
Table 8-4 shows ARB estimates of total statewide emissions along with heavy
construction equipment emission estimates for scenarios 1 through 3. Heavy
censtruction equipment emission estimates were converted from Kg/year to

tons/day assuming 6 days per week, 52 weeks per year operation.

As Table 8-4 shows, HC emissions are expected to . hange very licttle, even
under the most stringent control scenaric. The d fference between scenario 1
and scenario 3 emissions of HC for heavy comstruc: for cquipment are only 0.14
percent of 1995 and 0.3 percent of 2000 reactive HC emissions. These emission

changes are too small to produce any measurable change in Oy levels.

Of more interest is the estimated change in O3 that might be observed through
controlling NO, emissions. EPA’'s proposed post-1987 ozone policy recommends
using one of two modeling approaches to determine the eliect of VOC and NO,
emission changes on future year O3 values. Photochemicz. grid modeling is one

of the recommended modeling approaches, with the preferred model being the
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FIGURE 8-4
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Year:
1987
1990
1995

2000

g
i
Y
ia

-

[
(Ve
s3]

1990

1895

2000

TABLE 8-4

CALIFORNIA STATEWIDE HC AND NOx EMISSION ESTIMATES

All
Categories

HC Total

6425
6712
6619

66139

All
Cacegories
NOx
2857
2824
2804

2553

All
Categories

HC Reactive
3200

3175
3066

3118

Scenario 1 = Nc control

(tons per day)
ALL CATEGORIES VS. HEAVY CONSTRUCTION EQUIPMENT

Hvy. Const, Hvy. Comnst, Hvy. Const.

Scen, 1 Scen, 2 Scen. 3 -
46.3 46.3 46.3
42.9 42.9 42.9
38.1 34.7 31.8
35.4 29.3 26.2

Hvy. Const, Hvy. Consct. Hvv. Const.
Scep. ] Scen. 2 Scen, 3
© 396.4 396.4 396.4
374.2 374.2 3742
350.3 316.8 303
339.2 278.12 232.3

Scenario 2 = Level I control implemented in 1991

Scenaric 3 = As per Scenario 2, with Level II control implemented in 1994.

8.

15

il



Urban Airshed Model (UAM). The second acceptable modeling approach is use of
the EKMA,

Unfortunately, there are practical problems assoclated with using elther of
these approaches to examine the likely effect of NO, reductions on ambient 04
in the South Qoast Air Basin. UAM is an extremely complex model, and its
application to the South Coast, even assuming that all applicable input data
were available, would be cost prohibitive. Also, UAM with the carbon bond 4
(CB 4) mechanism is nmot yet available in the public domain. While the current
version of EKMA with CB 4 is available for use, the ambient measurements of
NMOC and NO, needed as input to that model are not available for the South
Coast because EKMA is not used by the SCAQMD for SIP demonstration modeling.

In light of the above, rather than attempt to provide a definitive answer to
the question of how NO, reductions might affect future year O3 levels in the
South Coast, an example EKMA diagram for a high Oy urban area is used to

provide a reasonable bound on what the NO, effects mighc be.

On Figure 8-4, point A can be used as a starting point for examining control
effects for an area with an 03 design value of 0.30 ppm and a NMOC/NO, ratio
of 12:1. Based on the ARB statewide emission projections shown in Table 1,
neither NO, nor reactive HC emissions are expected to change much between 1987
and 2000. NO, emissions are estimated to increase by 3.4 percent and reactive
HC emissions are projected to decrease by 2.6 percent over this time period.
Therefore, it seems reasonable to assume that the current situation could be
used as one approximation of how heavy construction equipuent emission changes

might affect Oy levels.

Point A on Figure 8-4 has coordinates of NMOC = 1.85 ppm and NO, = 0.154 ppm.
In the year 2000, the reduction in NO, emissions from Scenario 1 to Scenario 3
is 107 tons per day, which is 3.6'percent of the statewide NO, emission total.

Reducing NO, emissions by 3.6 percent in the EKMA diagram would be expected to
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reduce NO, to 0.148 ppm. Thus, as a rough approximation, 03 levels would be

unlikely to change by more than 0.01 ppm.

The above results are far from conclusive, as the effects of controlling KO,
emissions on O3 formation are a matter of continuing discussion and research.
The inhibition of Oy formation by NO, under some circumstances, as demon-
strated by the EKMA diagram in Figure 8-4, has been shown in smog chamber
studies (Glasson and Tuesday, 1970, Dimitriades, 1972). More recently, Kelly
{1985) showed that the addition of NGO, to Detroit ambient air saaples sup-
pressed Oy formation. Kelly also compared EKMA predicticns with the resulcs
of his smog chamber study and concluded that EKMA correctiy describes the
respective effects of NO, and reactive HC on ozone maxima. Conversely,
though. a recent applicarion of the UAM to the South Coast Air Basin showed
that NO, control is not useful in reducing peak 03 levels {study results were
not publiecly available at the time of this writing). Therefore, there is
considerable uncertaincy in estimating the effect of NO, emission reductions

on ambient 0y for eny partlcular zrea.

8.4 SUMMARY

In general the air quality impacts from heavy duty construction ¢quipment are
small. For che microscale modeling analysis presented nere, the general

conclusions are:

¢ ionfipuranion =#l1 tended to produce the highest maximum concentra-
tien found at any recepter for any pollutant

» Poliutant levels developed using the Fresno meteorclogical data
produced higher maximum pollutant concentratien levels than those
found using the data for Ontario for Configuration ®l. Ontario
meteorclogical data produced the highest maximum concentration
levels for Configuration #2 and for the line source modeling.

e Control scenaric 3 produced the lowest maximum concentrat.on
levels at any receptor. This control scenario represented the
most stringent controls simulated. However, even with this level
of control, air guality benefits were very small, primarily
because the air quality impacts themselves were so small,
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e As the negative delta values in Table 2 show, control scenarios 1

and 2 produced higher maximum concentration levels for particu-

lates at the receptors than the Base Case. This was due to the

fact that emissions were summed for all pleces of equipment.

Since control scenario 1 had lower control for most equipment and

since scenario 2 only stringently controlled two pieces of

equipment, the overall control resulted in higher concentration

than those found for the Base Case.
Concentrations found for the line source modeling showed that the Ontario
meteorological data produced values roughly twice as high as the values found

when the Fresno metecrological data was used.
Regional effects on ozZone are subject to considerable uncertainty, but a rough
approximation suggests a 0.0l ppm reduction in ozone leve.s. It should be

noted that the effects of controlling NOx on ozone is under discussion and

different studies have ylelded different results.
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APPENDIX A

DEERE’S COMMENTS ON MEASUREMENT OF
PARTICULATE EMISSIONS



Several different options exist for measuring particulstes. The current
EPA double dilution system needs further refinement for measuring
particulates under the steady state conditions typical of construction
equipment. The alternate, simpler, methods of measuring particulates
need similar development for steady state tests. With any system, filter
temperature, sampling conditions, and probe design needs to be specified
to obtain consistent results.

The EPA currently specifies a full double dilution system for measuring
particulates. In this system all of the exhaust gas is mixed with di-
lution air in the primary tunnel. A sample is drawn from the primary
tunnel, further diluted in a secondary tunnel, and then filtered to col-
lect particulates. The primary tunnel is a constant volume system (CVS)
where the sum of dilution plus exhaust flow is kept constant. This is
done through the use of either a positive displacement pump (PDP) or a
critical flow venturi (CFV). A heat exchanger is used at the inlet of
the PDP or CFV to hold the temperature constant within * 11°C; or a flow
compensator is used with the CFV., The primary dilution ratio level is
set by the requirement that the sampling zone (where the gasecus emissions
and secondary dilurtion sample are obtained) be less than 191°C. The
secondary sample is diluted further to obtain a temperature at the primary
filter of less than 52°C. A system such as this would cost approximately
$25C,000 per test cell.

The primary dilution ratioc varies widely during the transient test.
Changes in engine rated power without changes to the CVS system results
in & shift in the dilution ratic. These effects are ignored in the cur-
rent system, perhaps under the premise that the transient cycle averages
out the effects. The range of dilution ratio also likely changes from
lab to lab and cell to cell. Thess concerns need to be addressed before
the current system can be used for steady state tests.

In the state state tests that repressnt construction equipment, seversal
alternate types of particulate sampling systems should be considered.
Sampling of raw particulates is one possible method. The cost to equip
a4 test cell for measuring steady state raw particulates is estimated at
$20,000. Raw sampling will minimize the length of time required to obtain
a suitable filter mass.

If a8 dilutieon method is used to measure steady state particulates, the
dilution ratic and sampling temperature needs to be specified. Control
to a constant total flow (CVS) should not be required. Several methods
of measuring and controlling dilution ratio are available. A split then
dilute system could be implemented for approximately $40,000 per test
call. In this system a portion of the raw exhaust is withdrawn and mixed
with a known dilution flow. Flows are measured with dry jas meters. The
dilution flow temperature is used to control filter tecperature. This
single dilution type of system is shown in Figure 1.

A simplified double dilution system was investigated at Volvo (Ref. 1).

This system can be retrofitted to existing test.cells. Under transient

conditions the primary tunnel is variable flow and the secondary tunnel

is constant flow. Primary flow is determined using an Annubar flow sen-
sor. JSecondary flow is measured with Fluidstor flow meters.

Under steady state conditions, 8 similar system could use a tracer gas
(NOx or CO2) to determine the primary flow and the dry gas meters to de-
tersine secondary flow. An example of this system is shown in Figure 2.
Estimated cost is $60,000 per test cell.
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APPENDIX B

CALIFORNIA EMISSIONS INVENTORY FROM OFF-HIGHWAY
HEAVY-DUTY CONSTRUCTION EQUIPMENT
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APPENDIX C

DESCRIPTION OF PAL ALGORITHM
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B8.20 POINT, AREA, LINE SUURCE ALGORITHM (PAL-DS)

. Reference: Petersen, W. B, 1978. User's Guiade for PAL - A Gaussian-Plume
Algorithm for Point, Area, and Line Sources. EPA Publicatign
No. EPA-600/4-78-013, OUffice of Research and Development,
Research Triangle Park, NC. (NTIS PB 281306).

Rao, K. S. and H. F. Snoayrass, 1982. PAL-DS Moogel: The PAL

Mode! Including Deposition and Sedimentation, EPA Publication

No. EPA 600/8-82-023, Office of Research and Development,

Research Triangle Park, NC. T(NTIS PB 83-1177139).
Availability: This model is available as part of UNAMAP (Version 6}. The
computer code ,is available on magnetic tape from:

Computer Products

National Technical Information Service
U.S. Department of Commerce
Springfield, Virginia 22161

Phone (703) 487-4650

Abstract: PAL-DS is an acronym for this point, area, and line source
algorithm and is a method of estimating short-termm dispersion
using Gaussian-plume Steady-state assumptions. The algoritmm
can be used for estimating concentrations of non-reactive
pollutants at 99 receptors for averaying times of 1 to 24
hours, and for a limited number of point, area, and line
sources (99 of each type}. This algorithm is not intended
for application to entire urban areas but is intended,
rather, to assess the impact on air quality, on scales of
tens to hundreds of meters, of portions of urban areas such
as shopping centers, large parking areas, and airports.

Level terrain is assumed. The Gaussian point source equation
estimates concentrations from point sources after detemining
the effective height of emission and the upwind and crosswind
distance of the source from the receptor, Numerical integration
of the Gaussian point source equation is used to determine con-
centrations from the four types of line sources. Subroutines

. are included that estimate concentrations tor multiple lane
Tine and curved path sources, special liine sources (line
sources with endpoints at different heights above yround),
and special curved path sources. Integration over the area
source, which includes edge effects from the source reygion,
is done by considering finite line sources perpendicular to
the wind at intervals upwind from the receptor. The crosswing
integration is done analytically; integration upwind is done
numerically by successive approximations.




Type of Model

PAL-DS is a Gaussian plume model,

Pollutant Types

PAL-DS may be used to model non-reactive pollutants,

Source-Receptor Relationships

Up to 99 sources of each of 6 source fypes: point, area, and 4 types

of line sources,

Source and receptor coordinates are uniquely defined,
Unique stack height for each source.

Coordinates of receptor locations are user defined,

Plume Behavior

Brigys final plume rise equations are used.
Fumigation and downwash are not treated.

If plume height exceeds mixing height, concentrations are assumed
equal to zero.

Surface concentrations are set to zero when the plume centerline
exceeds mixing height,

Horizontal Winds

User-supplied hourly wind data are used,
Constant, uniform (steady-state) wind is assumed within each hour.
Wind is assumed to increase with height.

Vertical Wind Speeds

Assumed equal to zero. b

Horizontal Dispersion

Rural dispersion coefticients from Turner (1969) are used with no
adjustments made for surface roughness.

Six stability classes are used,

Dispersion coefficients (Pasquill-Gifford) are assumed based on a 3 cm

roughness height,




vertical Dispersion

Six stability classes are used.

Rural dispersion coefficients from Turner {1969) are used; no further
ajustments are made for variation in surface roughness, transport or
averaging time.

Multiple reflection is handled by summation of series until the vertical
standard deviation equals 1.6 times mixing height, Uniform vertical
mixing is assumed thereafter,

Chemical Transformation

Not treated,

Physical Removal

PAL-0S can treat deposition of both gaseous and suspended particul ates
in the plume since gravitational settling and dry deposition of the
particles are explicitly accounted for.

Evaluation Studies

None,



C.

The PAL-DS model utilizes Gaussian plume-type diffusion-deposition
algorithms based on analytical solutions of a gradient-transfer model.
The PAL-DS model can treat deposition of both gaseous and susSpended
particulate pollutants in the plume since gravitational settling and
dry deposition of the particles are explicitly accounted for. The
analytical diffusion-deposition expressions listed in this report in
the limit when pollutant settling and deposition velocities are zero,
they reduce to the usual Gaussian plume diffusion algorithms in the PAL
model . ‘

Recommendations for Regulatory Use

PAL-DS can be used if it can be demonstrated to estimate concentrations
equivalent to those provided by the preferred mode} for a given appli-
cation, PAL-DS must be executed in the equivalent moade.

PAL-DS can be used on a case-by-case basis in lieu of a preferred model
if it can be demonstrated, using the criteria in Section 3.2, that
PAL-DS is more appropriate for the specific application. In this case
the model options/modes which are most appropriate for the application
should be used.

Input Requirements

Source data: point-sources--emission rate, physical stack height, stack
gas temperature, stack gas velocity, stack diameter, stack gas volume
flow, coordinates of stack, initial o, and o,; area sources--source
strength, size of area source, coordinates of S.W. corner, and height

of area source; and line sources--source strength, number of lanes,
height of source coordinates of end points, initial o, and Oz» width
of line source, and width of median. Diurnal variations in emissions are

permitted. When applicable, the settiing velocity and deposition velocity

are also permitted.

Meteorological data: wind profile exponents, anemometer height, wind
direction and speed, stab1l1ty class, mixing height, air temperature,
and hourly variations in emission rate.

Receptor data: receptor coordinates.

Output

Printed output includes:

Hourly concentration and deposition flux for each source type at
each receptor; and

Average concentration for up to 24 hrs for each source type at
each receptor.
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