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Emission Factors for Small Utility Engines 
Jeff J. White, James N. Carroll, and Charles T. Hare 

Southwest Research lnsliiule 
San Antonio, TX 

Abstract 

A major gap exists in available baseline emis- 
sions data on the small utility engine population 
between the mid-1 970s 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, 
NOx, C02, 02, 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. 

I 

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. 

I 

Jacllne G. Lourenco 
California Air Resources Board 

El Monte. CA 

Much of the existing small engine emissions 
data comes from studies performed in the early to 
mid-1 970s by various engine manufacturers and 
Southwest Research Institute (SwR1)(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 SwRl 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 
(NOx), carbon dioxide (C02), 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 Caifomia'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 
headvalve 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 
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Table 1. Description of Engines Tested 

. J1088 Mode 
Speed 
Load 
Handheld 

TEST PROCEDURES 

SAE Recommended Practice JlO88(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- 
ferences 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 

1 2 3 4 5 6 7 

0 Full Full 75% of Full 50% of Full 25% of Full Minimum 
Idle Rated 85% of Rated 85% of Rated 85% of Rated 85% of Rated 85% of Rated 

10% 90% - - - - - 

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)@). 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 particulate 
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. 

9% 20% 29% 30% 

Table 2. ARB J1088 Mode Applications and Weighting Factors 

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 11% 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. 

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

Figure 7 .  30-Hp Vertical Shaft 
Dynamometer 

Figure 3. 1 1 h - H ~  Alternator Dynamometer 

mendations in J1088. Laboratory grade emissions 
instruments of the type normally employed forcer- 
tification were used, as listed below: 

HC Beckman Model 402 heated FID 
analyzer 

CO Beckman Model 868 NDlR analyzer 
NOx SwRl heated chemiluminescent 

analyzer 
C02 Beckman Model 315 NDlR analyzer 
0 2  Beckman Model OM-1 1 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, 
C02, and NO,. 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-feet long dilution tunnel. The dilution tunnel is 
shown in Figure 6. Dilution air was filtered and flow 
measured with a laminar flow element (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 h i m a w  and back-uol. installed in a hous- 
ing through whkh a portion’of the dilute exhaust 
was withdrawn. The particulate filter housing 
assembly is shown in Figure 7. Particulate filter 

Figure 2. 30-Hp Horizontal Shaft 
Dynamometer 
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Figure 4. Raw Exhaust Analytical System 

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. 

t I I  

PDP 
Blower 

& A 

I 
Dilution Tunnel 

1 
\r Mixing 

0rifi.X 
I 

EXIIPUI( 
Engin 

90mm Filter 
Ammbly 

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 6. Dilution Tunnel 

Figure 7. Particulate Filter 
Housing Assembly 

Each engine to be tested was installed 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, oil 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 installed. 
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 lh-inch diameter 
stainless steel probe was installed in the 2-inch 
diameter exhaust line to extract the raw exhaust 
sample for HC, CO, NO,, C02. and 0 2  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 
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Table 3. Fuel Batch Analysis 

10% Point, 'F 
50% Point, 'F 
90% Point, 'F 

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, NOx. 
C02. and 0 2  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 

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 11O'F k 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 
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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. 

CO, g/hr = MCO/MF * Fuel, g/hr / (TC) * CO, 

NO,, g/hr = MNOx/MF Fuel, g/hr / (TC) 

ppmC * 1/10000 

% wet 

NOx, ppm Kh * 1/10000 
where: 

1. (TC) = CO, % wet + C02, % wet + HC, 

2. MHC = Molecular weight of exhaust HC 

= 13.88 for fuel H/C = 1.85 

O h  wet 

species 

3. MF = Molecular weight of fuel 

4. MCO = Molecular weight of CO = 28.01 
5. MNOx = Molecular weight of NO2 = 46.00 
6. Kh = Federal factor to correct for the effect 

of humidity on NO, formation. 

= 13.88 for fuel H/C = 1.85 

- - 1 (&stroke engines) 
(1-0.0047[H - 751) 

= 1 (2-stroke engines) 

H = Absolute humidity, grains H20/lb. dry 

Individual modal results are in units of 
unweighted g/hr. To determine emission rates 00 
a brake specific basis, ARB modal weighting fac- 
tors must be applied. 

air 

For Non-Handheld Weighting ' 

X, g/hr(wd) = x, g/hr(l) * 0.05 + X. g/hr(3) * 0.09 

+ X, g/hr(4) * 0.20 + X, g/hr(5) * 0.29 

+ X, g / h r ( ~  * 0.30 + X, g/hr(n * 0.07 

and: 

hp(wd) = hp(1) * 0.05 + hp(g * 0.09 

+ hp(4) * 0.20 + hp(5) * 0.29 

I 119 

t hp(6) 5: 0.30 + hp,7, * 0.07 

For Handheld Weiqhting 

X, g/hr(wd) = X, g/hr(l) * 0.1 + X, ghr(2) * 0.9 

and: 

hP(wtd) = hp(i) * 0.1 + hp(2) * 0.9 

where: 

X, g/hr(i) = HC, CO, NOx, or PM, g/hr in mode(i) 

hp(i) = Indicated hp in mode(i) 

Thus, the final weighted brake specific result is: 

Particulate Calculations 

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

Exh Q. scfm + Dil Q, scfm * 3.6 
PM, mg * 90 rnm Q, scfm 

90 rnm 1. sec PM, glhr = 

where: 
PM, mg = Total mg particulate (front + rear 

Dil Q, scfm = Dilution air flowrate, scfm 
90 mm Q, scfm = 90 mm sample flowrate, 

scf m 
90 mm 1, sec = 90 mm sample time, seconds 
Exh Q, scfm = Exhaust flowrate, scfm 

filter) 

100 
HC ppmCw Exh Q, scfm = (co./.w + CO2%W + 10,000 

Exh MW * Fuel M, Ib/hr * 
13.88 4.513 

where: 

Fuel M, Ibhr = Fuel flowrate, Ib/hr 
CO%w = Raw CO%, wet basis 
C02%w = Raw C02%. wet basis 
HC ppmCw = Raw HC ppmC, wet basis 
Exh MW = Exhaust gas molecular weight e 



Exh MW 13.88 * HC ppmCw - - 
106 

+ 28.01 * CO%w 
102 

44.01 * C02%w 46.00 * NOx ppmw + + 
1 02 106 

102 1 02 
32.00 * 0 2 % ~  2.016 * H2% * K + + 

HC ppmCw + 18.01 * (1 - K) + 
104 

- (H2% * K) - 100 * (1 - K) 1 O2 lY 
where: 

1 
1 + 0.005 * (CO%d + COP"%) * y - 0.01 * HZ%d K =  

0.5 * y * CO%d * (CO%d + CO2%d) 
CO%d + 3 * COz%d H2%d = 

y = H/C ratio of the fuel 

For 2-stroke engines, it is assumed no resid- 
ual H2 is present and the K and molecular weight 
equations are modified by deleting the H2 terms. 
The above equations calculate PM for individual 

modes. Weighted PM in glh and weighted PM in 
glhp-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 
Table 4. Reactive hydrocarbon (RHC) levels are 
determined by subtracting methane emissions 
from total hydrocarbon (THC) emissions. The sum 
of THC plus NO, is presented to provide for con- 
venient comparison with proposed ARB standards. 
Weighted power and airlfuel ratio (AIF) are 
included with the emissions data to provide insight 
into engine operating conditions. Aidfuel 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 
C3 He) was used as the test fuel. It should be 

Table 4. Small Engine Emissions Results 
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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 ghp-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 glhp-hr. Carbon monoxide production is 
primarily a function of airlfuel ratio. The stoichio- 
metric airlfuel ratio for the gasoline used was 14.6. 
Weighted NF 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. 
NOx emissions, on the other hand, tended to be 
low, ranging from 1.16 to 2.54 g/hp-hr. NOx 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 NOx emissions. 

Methane emission levels ranged from 1.1 1 to 
1.82 glhp-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- 
fueled 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 NO, which was 
higher by 147 percent. With this tradeoff of 
increased NOx for decreased HC, the combined 
HC + NOx level is precisely the same as it was for 
gasoline-fueled operation. Thus. meeting a com- 

bined HC + NO, 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 smaller displacement 4-stroke 
engines, there is considerable similarity in emis- 
sion levels and trends. THC levels ranged from 6.0 
to 6.7 g/hphr. and CO levels ranged from 255 to 
354 g/hp-hr. NO, emissions ranged from 2.16 to 
5.01 glhp-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 surface 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 190 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 aidfuel ratios, with 444 
and 284 g/hp-hr observed for the WBM engine and 
trimmer engines, respectively. Two-stroke engine 
NO, 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 NO,. 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 
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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, only 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 

Engine Type 

12-hp, Side valve 0.23 0.03 0.05 0.05 0.41 
18-hp, Side valve, 2cyl. 0.08 0.02 0.00 0.02 0.12 

2-Stroke Enaines I 
5-hp WBM I 0.82 0.23 0.18 0.31 1.85 
0.8-hp, Trimmer 0.67 0.17 0.08 0.20 1.35 
Totals include contribution of other unreoorted soecies. I 
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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 

2. Donohue, J. A., Hardwick. G. C., Newhall, H. 
K., Sanvordenker, K. S., Woelffer, N. C., 
"Small Engine Exhaust Emissions and Air 
Quality in the United States," SAE Paper No. 
720198 presented at the Automotive Engi- 
neering Congress, Detroit, Michigan, January 

short-circuiting inherent to the crankcase-scav- 10-14, 1972. 
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 
fuel cooling and smooth operation. NOx emissions 
were low for all engines tested (Figure 11). This is 
primarily due to their rich (oxygen deficient) opera- 
tion. Two-stroke engine NOx 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 
lubricant 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 - I .  4-Hp Side Valve WBM Engine 

I I I I I I I I 

.. . ..I. , , 
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Appendix A-2. 4-Hp OHV WBM Engine 

127 



Appendix A-3. 4.5-Hp OHV WBM Engine 

I I I I I I I 

I 
DILUTE PARTICUUTE 1 I I 
PM. Om 
PM. wp-h 0.96 I 0.86 I 0.53 1 0.63 1 

0.30 I 2.52 1 1.67 1 0.69 I 0.54 I 0.94 I 1.01 

I I 0.M 

I I I I I I I 

I I I I I 
DILUTE PARTICUUTE 1 I I 
PM. Om 
PM. Om@ 

I 0.07 1 1.91 I 1.14 I 0.49 I 0.25 1 0.59 I 0.61 

I I 0.10 I 0.Y) I 0.36 I 0.39 I 0.55 
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Appendix A-4. 4.5-Hp OHV WBM Propane Engine 

I I I I I I I I 
I 0.04 I 2.10 1 2.83 1 0.41 I 0.11 I 0.06 I 0.94 

I I 0.94 I 1.40 I 0.32 I 0.10 I 0.80 

DILUTE PARTICULATE I 
PM. @ 
PM. @F-h 

I I I I I I I 
DILUTE PARTlCULATE I 
PM. SJh I 0.02 I 1.34 I 1.03 I 0.35 I 0.08 I 0.06 I 0.46 

PM. @H I 0.55 I 0.56 I 0.29 1 0.13 I I 0.41 
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Appendix A-5. 11-Hp OHY Utility Engine 

I I I I I I 

I 
DILUTE PARTICUUTE I I I I 
PM. 8m 0.m 1 0.28 I 0.15 I 0.07 I 0.08 1 0.05 I 0.10 

I I 0.03 I 0.02 1 0.02 I 0.04 I 0.03 

I I I I i 
I I I I I 

0.28 I 0.15 I 0.07 I 0.08 1 0.05 I 0.10 

0.02 1 0.02 I 0.04 I I 0.03 """4 

I I I I I I 

I 
I I I 

0.08 I 0.35 0.17 1 0.12 1 0.07 I 0.08 I 
I I I 

0.13 
0.03 

DILUTE PARTICULATE I 
PM. Pm 
PM. 0.04 I 0.03 1 0.03 I 0.03 1 
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Appendix A-6. 12-Hp Side Valve Engine 

I I I I 
DILUTE PARTICUUTE I I I I 

I 0.03 I 0.69 1 0.38 I 0.19 1 0.13 1 0.10 I 0.24 
I ^ ^ ^ I  ~ ~~ 0.07 I 0.05 I 0.04 I ".M , I 0.05 1 
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Appendix A-7. 18-Hp Side Valve 2-Cylinder Engine 

I I I I I 

I 
I I 

1.67 1 0.67 1 0.51 [ 0.35 I 1.11 

I 0.281 0.15 1 0.09 I 0.13 I I 0.16 

DILUTE PARnCUUTE I 
PY. U% 
PM. LM!+M 

0.32 1 4.m I 
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/ 
Appendix A-8. 5-Hp 2-Stroke WBM Engine 

'I 
I 



- -  I .  

I Appendix A-9. 0.8-Hp 2-Stroke Trimmer Engine 
I 
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DILUTE PARTICUUTE I I 
PM. I 0.90 I 2.78 
PM. pmph I 3.46 

J 1 W  RESULTS 

CH4. 1.18 (1.78 

DILUTE PARTICULATE 

PM. 



is normally used to slow the machine in tight quarters and for changing 

direction. 

m m .  such as scrapers and bottom-dump wagons are normally designed 
with a single foot accelerator. 

conditions, varying mainly in loading methods, materials, length of haul, 
grades, haul road condition (rolling 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 w i l l  be operated 
at reduced throttle. depending on ground conditions, in order to avoid tire 

slippage and undue wear. 

losding. 
during the haul portion of the cycle, again subject to road 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, it would be difficult to 

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

These machines operate in a variety of 

The push tractor will do most of the work during 
Once loaded, both types will operate at highest possible speeds 

OFF - HIGHWAY TRUCKS generally have a single, foot-operated accelerator-type 
throttle control. These machines are subje.ct 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. 

operate on improved haul roads, generally, allowing for higher speed opera- 

tion. 
electric drive systems, engine speeds are kept at or near maximum except for 

maneuvering or during wait periods for loading and dumping. 

A l s o  because of their tire design, they 

Because they are designed with either power shift transmissions or 

3 - 7  



FRONT END LQapEBs range in size from 1 to 15 cubic yards and cover a range of 
horsepower ratings from 50 to approximately 600. 
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. 
out of a stock pile or bank excavation, into hauling unit. 

may include sorting or classifying aggregate and charging bins or hoppers in 

batch plants or paving operations. 

Since these machines are 

These units are employed in loading material 

Other applications 

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. 

subject to the same tire slip and excessive tire wear problems as scrapers, 

particularly where wet and abrasive underfoot conditions are present, 

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

Wheel loaders are 

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 

- 

vi11 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. 
nature of the work largely determines the work cycle. 

variety of machine types and the numerous attachments available, each opera- 

The 
- 

With the tremendous 

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 

- 

L 



speed settings, power range, cycle time and load factor for a range of off- 

road equipment. 
times provided, as shovn in Table 3-2. Cycle time is the time between tvo 
consecutive work periods, e.g., in a front end loader, it could be the time 

between t v o  successive periods of filling the loader bucket. 

lowese cycle time provided 'in Table 3-2 is 10 seconds while a more typical one 
is in the range of 30 seconds to one minute. 

have much shorter transients associated with traffic conditions. 

Of particular relevance to this discussion are the cycle 

Typically, the 

In contrast, on-highway trucks 

One method to address load cycles and duty cycles independent of equipment 

type is to examine the duty cycle on an engine speed-load map. 
control for a diesel sets the governor speed. In a typical "loaded-mode", the 

throttle w i l l  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. 
drops, the output moves down the fu1.l load "lug" line and the equipment's work 

rate s lows (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 is inadequate to continue the work cycle, so that the operator 

reverses the equipment, allowing the engine to accelerate back to rated RPH. 
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. 

The throttle 

As engine RPH 

Another operating mode for the engine is when the equipment is operating 

unloaded. This can happen when the equipment 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 EHA also stated that most off-road equipment 

had high accessory loads, and that even if the equipment vas operating 

unloaded engines would not be operating at conditions similar to idle on off- 

3-9 
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TABLE 3-2 
TYPICAL DUTY CYCLES 

l iuhlus QnauLka 

Backhoe Loader Backhoe 
Loader 
Craning 
Backfilling 
Transport 

Excavator Trenching 
Craning 
Transport 

4WD Loader Loading 
Trenching 
Transport 

Crawler Loader Loading 
Trenching 
Transport 

Crawler Dozer Dozing 
Ripping 
Backfilling 
Transport 

Grader Rough Grading 
Finish Grading 
Ripping 
Snow Plowing 
Transport 

Scraper Loading 
Transport 
Unloading 

Source: John Deerg 

70-iooa 
80- 100% 

40-609 
60-1001 
90-100% 

70- 100% 
40- 60% 

90-1001 

80-1000 
80- 100% 
80- 100% 

80- 100% 
80-100% 
80- 100% 

80- 100% 
100% 

60-80) 
80-100% 

80 - iooa 
50-90% 
90- 100% 

100% 
80- 100% 

100% 
100% 

80- 1008 

20-80% 
50-1001 
10 - 30% 
30-80% 
80-100% 

40- 100% 
10- 30% 

90 - 100% 

60-1001 
80- 100% 
80- 100% 

70-1000 
90- 1001 
40-80, 

60- 100% 
90-100% 
30-60) 
40-80% 

70-1000 
40- 80% 
80- iooo 
90 - 100% 
80-1001 

90-100% 
80-1001 

70-909 

- 
10-30 sec. 
15-30 sec. 
1-5 min. 
10-30 sec. 
1-60 min. 

10-30 sec. 
1-5 min. 
1-30 min. 

20-40 sec. 
20-45 sec. 
1-60 min. 

20-40 sec. 
20-45 sec. 
1-30 min. 

.5-5 min. 

.5-5 min. 
10-30 sec. 
1-30 min. 

1-10 min. 
1-10 min. 
1-10 mLn. 
1-60 min. 
1-60 min. 

1-3 min. 
1 - 5  min. 
30-60 sec. 

- 
b a d  Facto< 

30-709 - 
40-70% 
15-203 
30-70% 
60-80% 

LO-90% 
15-20% 
80.90% 

30.60% 
60.80% 
60-90% 

30-609 
70-908 
LO-60% 

- 

60-90% 
80-90% 
30-509 
40-60% 

50-80% 
30-50% 
70-90% 
80-90% 
60-809 

80-90% 
70-908 
50-609 
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highway trucks. 
waiting for job access when the engine is idling. 

of the operating speeds and loads during a typical working cycle is shovn in 

However, there may be periods such as operator breaks or 

A schematic representation 

- Figure 3-1. 

However, the above discussion must not be understood to imply that a types 
of off-highway equipment experience engine operation in modes shovn in Figure 

- 

. 3-1. For example, motor graders'will run at fairly constant intermediate 
loads that fall between the w o  regimes described above. Off-highway trucks 
may see far more variation in load-speed settings than for most other types of 

off-highway equipment. 
result in exceptions to any generalized rule formulated. 

- 

-. The enormous variety of equipment and use patterns 

- 
The discussion does provide two insights particularly useful in formulating a 

general test cycle for all off-highway applications. 
- 

a As 8 result of a hydraulic interface between engine and drives, 
mosc 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. 

a 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. 
should emphasize the high load operating points to a greater 
degree than in the on-highway test procedure. 

A test procedure for off-highway construction equipment 

3.3 R E N D A T I O N S  co FOR CEmIF ICATION TEST PRO C E D W  

The analysis in Section 3.2 has two implications. 
transient procedure is not representative of most off-highway engine opera- 
tion, and a steady-state test is probably 8 preferred option. 

slow load-speed .variations occurring over a 20 second to 60 second interval 

First, the on-highway 

This is because 
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can be approximated well by a series of steady-stace load-speed conditions. 

Second, a steady-state test for off-highway engines should have a higher 
average load factor than the loed-factor for the on-highway test. 

The original CAL/ERT study and the Engine Uanufacturer's Association concur 

with this view. 
mode test was en 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 13-mode test (which was only recently 
replaced with the transient test) for on-highway engines, it would be econom- 
ically efficient to transfer the test procedure to the off-highway segment. 

The original CAL/ERT study concluded that the on-highway 13- 

More recently, in response to inquiries for EEA, Ef4A suggested an even more 

simple 7-mode test procedure. The 7-mode test is essentially the 13-mode test 

with the very low-load modes (2 and 25 percent load) end 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 typically in diesel 

engines the idle mode is 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 modified 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 emissions 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. 

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,. 

Thus, as the weight factor 
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TABLE 3 - 3  
COMPARISON OF ALTERNATIVE STEADY STATE TESTS 

SL%d 

1 Idle  

2 Int . 
3 Int . 

4 Int . 
5 Int .  

6 Int . 

7 Idle  

8 Rated 

9 Rated 

10 Rated 

11 Rated 

12 Rated 

13 Idle  

Composite Load Factor 

LacLQ 

0 

2 

25 

5 0  

75 

100 

0 

100 

75 

50 

25 

2. 

0 

13-mode CAL/ERT 

6 . 6  5.0 

0 5 .0  

0 5 . 0  

8 10.0 

8 5 .0  

8 5 .0  

6 . 6  5.0  

8 20.0 

8 15.0 

8 10.0 

8 5 . 0  

8 5.0 

es LQ 

h 0 . 3 9  5 2 . 7 %  

. 
EMA has recommended that th i s  mode use a 10 percent load factor for  o f f -  
highway engine emission t e s t s .  - 
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measured HC/CO emissions on either the CAL/ERT 13-mode or the EMA 7-mode test 

will be lower than on the on-highvay 13-mode test. NO, emissions are not 
expected to change significantly, as fdle and low-load modes have lov 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 veight factors vould be based primarily on 
convenience and economic factors, as vel1 as ARE'S level of comfort. In 

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 EUA 7-mode load factor may be 
too high. EEA concurs vith EUA in its selection of 7-modes, but believes that 
the weights for the lover load points should be increased. Moreover, EEA 
believes that an eighth mode of rated speed at lov load (2 percent) be added 
to represent machines in the full throttle reverse mode vith no load. Komatsu 
also suggested that this vas 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, EHA has suggested that 

EEA's eighth mode have a load 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 
weights for the individual modes to derive composite emissfons. 

sions, as shown in Table 3-4. are only slightly affected by load factors as 

idle NO, emissions are typically quite Low. 

significantly as load factor increases, principally'because high HC emissions 

occur at low loads. 

to this analysis. 
30 to 50 percent lower than that measured on the 13-mode. Little data is 

NO, emis- 

Hovever, HC emissions decline 

CO emissions from diesels era very lov and not of concern 

Thus, HC emissions on the proposed 7-mode M A  cycle can be 
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TABLE 3 - 4  

EFFECT OF DIFFERENT WEIGHT CYCLE ON MISSIONS 
ENGINE: DT-466B - TURBOCHARGED, DIRECT INJECTION 

Descriuti on of We- 

On-Highway (13-mode) 

Proposed EMA Off-Highway . 

S U R 1  C-1. Track Tractor 

SWRI C - 2 .  Wheel Tractor 

SWRI C-3, Wheel Loaders 

SWRI C-4. Off-Highway Trucks 

SWRI Comp. Ag. Tractor 

E M  Comp. Ag. Tractor 

SOURCE: CAL/ERT Study ’ 

Composite 
b a d  Fact= 

. 4 0  

. 5 3  

.61 

. 4 9  

.62 

. 5 8  

. 5 7  

. 5 4  

3-16 

2 .03  

1 . 3 8  

1.16 

1 . 4 5  

.99  

1 . 3 5  

1.07 

1 . 2 6  

HL 
1 . 7 4  

1 . 2 8  

1 . 0 5  

1 . 4 0  

1 . 0 7  

1.20 

1.27 

1 . 3 7  

x!?L 

10.02 

9 . 6 3  

9 . 4 4  

9 . 6 1  

9 . 4 8  

9 . 5 9  

9 . 4 2  

9 . 4 5  



available on engine performance currently to set ?-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 typically not subject to high frequency 
transients 

(2) The available on-highway 13-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 E M  suggestion of a simplified 7-mode test appears reason- 
able if an eighth mode at idle RF'H/typical accessory load (10 
percent) is added. 

(3) 

In setting standards, however, Little data is available to support an analysis 

of 7-mode or 8-mode based standards. Our analysis of standards and compliance 

feasibility is based on the 13-mode cycle. 

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.. 

If a simplified 7/8 mode cycle is 

3.4 POTENTIAL EHISSION STANDARDS 

As a result of the experience available in controlling emissions from on- 

highway diesel engines, as vel1 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. 

off-highway equipment, EEA believes that standards equivalent to historical or 

current Federal (rather than California) heavy-duty diesel emissions standards 
should be considered. 
Federal on-highway standards is examined, but does not yet appear appropriate. 

In order to maximize engine model availability for use in 

The use of emissions standards equivalent to future 

. 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 eValUtion. 

are based on 13-mode test. 

All standards 

- 

b v e l  z 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. - 

Level 11 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. 
and transient test emissions and they are as follovs: 

EEA developed regressions for relating 13-mode 

HC, - 0.17 + 1.05 HC13 
NO,, - 1.70 + 0.75 NO,~S 

where the t subscript is for transient test emissions and 13 subscript for 13- 
mode emissions. 

standard and the 6.0 transient NO, standard is equivalent to a 5.7 g/BHP-hr 
13-mode NO, standard. 

base than the one utilized by EPA to develop its regressions; the EPA regres- 

sions are generally similar and produce equivalent conclusions. 

A 1.3 transient HC standard is equivalent to 1.07 13-mode HC 

The EEA developed regressions utilize a larger data 

Level I1 also envisages a particulate 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 
alwavs than on the 13-mode test. EPA, in its regulatory analysis for 

the 1907 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. In any event, a 13-mode standard of 0.60 g/BHP-hr is 
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uniformly 
transient test. 
standard should be rerained, although it may be reduced to 0.4 g/BHP-hr based 
on actual test data if warranted. 

stringent than a numerically identical standard based on the 

As a first approximation, ve believe that this numerical 

&vel Ill is approximately identical in stringency to the proposed 1991 
Federal standards of 1.3 HC/5.1 NOJ0.25 particulate g/BHP-hr. 
regressions, these transient test standards translate to a 1.07 HC/4.53 
N0,/0.25(?) particulate standard on the 13-mode test. The particulate 
standard would, of course, be less stringent vith the 13-mode test than with a 

transient test. 

Using the 

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 vas principally to solve a public 

nuisance problem for on-highvay 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 recommendation 

to adopt a steady-state test procedure for emissions testing. 
highway equipment does experience some transient modes, especially the lug 

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

Since off- 

The €MA 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 i t  is rarely enforced for off-highway equipment. 

." 
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3 . 5  OH 

I n  EEA's February 9 ,  1988 l e t t e r  t o  Don Dordall .  it vas indica ted  t h a t  the 

e x i s t i n g  heavy-duty t ruck engine smoke s tandards were chosen a s  p o t e n t i a l  

s tandards f o r  off-highway machinery. EbiA's comments are as follows: 

Depending on t h e  s t r ingency of the p a r t i c u l a t e  s tandard chosen, the addi t ion  

of a smoke test and prescr ibed  s tandards may no t  be necessary.  If smoke 

s tandards were determined t o  be necessary,  it is i nco r rec t  t o  assume t h a t  

these s tandards can a l s o  be appl ied t o  heavy-duty off-highway engines f o r  

severa l  reasons.  

The power requirements and acce lera t ion  response c r i t e r i a  f o r  off-highway 

equipment engines can be considerably d i f f e r e n t  than those of on-highway truck 

engines.  

low gear r a t i o ,  the torque produced by the engine is s u f f i c i e n t  t o  s t a r t  the 

t ruck moving. The higher gear r a t i o s  a r e  then used t o  acce le ra t e  to  the 

des i r ed  road speed. On turbocharged t ruck  engines. t h e  f u e l  r a t e  during the 

i n i t i a l  acce le ra t ion  must be r e s t r i c t e d  t o  prevent excessive exhaust smoke. 

This r e s t r i c t e d  f u e l  r a t e  a l s o  l i m i t s  ava i l ab le  torque, thus making it  

important t h a t  proper gear r a t i o s  have been se l ec t ed  f o r  the t ruck.  With the 

wide v a r i e t y  of transmissions and ax le  r a t i o s  a v a i l a b l e ,  i t  is poss ib le  t o  

match a t ruck engine and d r i v e  t r a i n  t o  meet t h e  performance needs of a l l  

t ruck opera tors .  

A t ruck engine is matched t o  a d r ive  t r a i n  so t h a t ,  with the proper 

For off-highway machinery, however, the power demands on the engine a r e  q u i t e  

d i f f e r e n t  i n  t h a t  there  can be very high hydraul ic  pump loads and torque 

converter  l o s s e s  i n  add i t ion  t o  the power required t o  move the machine. 

order  t o  acce le ra t e  t h e  engine aga lns t  these  high p a r a s i t i c  loads ,  off-highway 

I n  

.engines  requi re  f u e l  de l ivery  r a t e s  designed t o  provide an extra boost of 

power t o  enable acce le ra t ion  aga ins t  the higher  i n i t i a l  loading. 

f u e l i n g  f o r  acceptable  machinery operat ion may r e s u l t  i n  higher  exhaust smoke 

l e v e l s  than those observed from on-highway t rucks.  

High i n i t i a l  

.- 



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. 

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. 

Overcoming this degradation would require 

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. 
would severely compromise their ability to function effectively in the 

majority of construction applications for which they were designed. 

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. 

For off-highway equipment engines to meet similar smoke standards 

Smoke 
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Em's analysis suggests chat the smoke test procedure should be modified to 
meet F.HA's objections which are appropriate. 

construction machines does not require the second-acceleration used for the 

on-highway smoke test. 

opacity standards are inappropriste for off-highway equipment. 

tion data for on-highway engines shows most engines meet the peak smoke and 

acceleration smoke limits with significant margin. 

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 W. 

The hydraulic drive in most 

However, EEA does not believe that the on-highway 

The certifica- 

Many manufacturers 
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4 .  TECHNOLOGY ANALYSIS 

4 . 1  OVERVIEW OF TECHNOLOGY REO UIREWENTS 

Emission control technology for diesel engines has been studied in detail 
since the 1970’5, 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 t o  the off-highway diesel 
engine market. This section summarizes the technological requirements to meet 
the Level I. I1 and I11 for emissions control 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 identicai to those in force in 
the 1979-1983 time frame for Federal on-highway standards. However, the 
natural uncontrolled emission 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 certification list shows most engines certified at 9-12 

g/BHP-hr HC + NO, even though the standard in force was 16 g/BHP-hr. 
example, all Caterpillar engine families were certified below 10 g/BHP-hr, and 

all Cumins engine families below 12 g/BHP-hr, in 1977. However, there were a 

few engine families in the 13-16 g/BHP-hr range. 
the following technologies to meet Level I standards: 

For 

Host engines require only 

low sac-volume injectors 

Optimization of injector fuel spray. 

injector timing optimization and control 

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 lov SAC volume injectors and emit in the range of l l r  to 16 g/BHP-hr HC 
+ NO,. With the above technological modifications in place, most engines - 
would certify at 7 co 8.0 g/BHP-hr NO, and 0 . 7  to 1.2 gjBHP-hr HC at low 
mileage. - 
The Level I1 standards 1.07 HC/5.7 NOJ0.6  particulate g/BHP-hr require a vide 

variety of changes. 
- 

Typically these would include: 

0 derating of peak output 
0 

0 increased injection pressuse 

0 improvements to injection timing control and duration 

0 combustion chamber modifications 

0 turbocharging 

0 aftercooling 

decreased injector spray hole sizes 

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 isolation, it is 

the NO,/particulate tradeoff that makes it difficult to meet both standards 

simultaneously. 

time meeting the standard than turbocharged engines. In addition, small 

displacement naturally aspirated diesels have even more difficulty because the 

small cylinder volume makes’air utilization for combustion difficult. 

these reasons, good control of injector timing, high injector pressure and a 

well-designed combustion chamber are required. 

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. 

significant revork of the cylinder head and fuel injection system. 
several domestic and foreign engine manufactures have certified naturally 

aspirated direct-injection and pre-chamber diesels to on-highway standards 

Typically naturally aspirated engines have a more difficult 

For 

Another option available to 

Such a design change would require 

In 1988, 
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approximately equivalent to Level I1 standards. 

4-1. 

These are listed in Table 

The Level I11 standards of 1.07 HC/4.5 NOJ0.25 particulate g/BHP-hr are 
principally far more stringent only in the particulate standard. 
dards decline by 21 percent from level 11. and at these low levels, certifica- 

tion represents a significant technological challenge. The 1988 certification 
shows several turbocharged and aftercooled engines at 4 to 4.5 g/BHP-hr NO,, 

although particulate levels are typically in the 0 . h  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. 

under development and some are believed to be near commercialization. 

Extensive literature exists on particulate trap performance. 

NO, stan- 

Many prototypes are 

EEA is also aware that many manufacturers hope to meet Level I11 standards 

without the use of a trap, as the trap is considered to be an expensive and 

potentially unnecessary device by some manufacturers. 
trap, devices that are being explored include: 

In the absence of a 

a high pressure turbocharging 

a very high injector pressures 
air-to-air aftercoolers 

variable fuel injection timing using electronic control systems 

a zero-sac injectors (valve covered orifice) 
a reduction in piston-ring crevice volume 

a lubrication oil loss control 

It is possible that by 1991 some engines will certify to Level I11 standards 
without a trap. 
recently designed engines, such as the Cumins L10. GM-DDA Series 60, etc., 
which have limited or non-existent application for the off-highway market.. 

EEA believes that these engines will be advanced, relatively 
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TABLE 4 - 1  

LIST OF NATURALLY ASPIRATED 
DIESELS MEETING LEVEL I1 STANDARDS 

-. 
Transient Test 

E U . h  

Caterpillar 3208 

GH 6 . 2L2’ 

GH 8.2L 

Hino HO7C-F 

Nissan FE-6 

IH 7.3L2‘ 

Isuzu 6BG1 

Racinn 
(HP @ RPH) 

165 @ 2200” 

155 @ 3600 

175 @ 2800 

160 @ 3000 

160 @ 3000 

185 @ 3300 

150 @ 3000 

nL 

1.20 

0.42 

0.89 

0.40 

0.84 

0.94 

0.87 

m 

2.6 6.0 

2.2 3.2 

2.9 5.3 

2.6 5.5 

3.2 5.0 

- -  4.7 

4.2 5.0 

E&rticul ate - 

0.60 - 

0.54 

0.53 

0.40 

0.48 

0.50 

0.53 

SOURCE: Draft 1988 Certification Test Results. EPA 

’’ Derated from Federal version 
2‘ Pre-chamber diesels 
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EEA interviewed the major manufacturers, who suggested that several on-highway 

technclogies were inappropriate for off-highway use. 

tlioh essure turbo- results in an engine of given horsepower rating 
having poor low speed torque, but many off-highway engines require good low 

end torque to pull against high hydraulic loads. 

Air-to-air i n t e r c o o w  requires an extra heat exchanger, and heat exchange 

surface fouling is common in the dusty off-highway environments. 

manufactures believe that this technology is inappropriate in several equip- 

ment applications. 

Many 

5- control'may or may not survive in the harsh enviroment of 

off-highway use. 
durability characteristics are well understood. 

Manufacturers are reluctant to use this technology until its 

garticulate Traps or Catalvsts 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 operation at full load on the "lug" line. 

trap regeneration, but trap durability may be adversely affected. 

This may aid in 

The technologies described above are required in combination or singly to 
certify to Level 111 standards. 

standards are inappropriate for the off-highway market. EEA believes that the 
availability of particulate traps with efficiencies over 75 percent could 
largely solve the problem of meeting Level 111 standards. 

the manufacturers concerns on durability of traps, and suggests that Level 111 
standards not be imposed until there is some experience with trap technology 

on the heavy-duty truck market, (1991). 

equipment must also consider the packaging changes required by the construc- 

tion equipment manufacturers. 

Manufacturers have suggested that Level I11 

EEA concurs with 

The use of traps on off-highway 
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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. 

manufacturers. 

economy will also vary. 
that emission standards always lead to fuel economy reduction. 

to technology can improve both fuel economy and emissions. In the on-highway 

market, diesel engines have managed to reduce brake specific fuel consumption 

consistently over the years in spite of increasingly stringent emission 
standards. 
specify the gain that would have occurred in fuel economy had the more 

stringenc standard not been imposed. 

explicitly, the "gain foregone" is not utilized in the analysis. Four 

specific manufacturers cases are addressed in the following subsection, and 

their ability to meet Level I and Level I1 standards are addressed. 

This varies considerably among engines and 

In addition. the effect of imposing emission standards on fuel 
Broadly speaking, however, it is incorrect to assume 

Improvements 

One concept is the "fuel economy gain foregone," which would 

Since this analysis costs technology 

4 . 2  CASE STUDIES 

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 ana aifficuicy in meeting standards between different manufacturers. 

and the potential differences in strategies in meeting different standards. 

4 . 2 . 1  John D e e a  

Deere is a major manufacturer of agricultural and construction equipment, and 

its strengths in the market are primarily in equipment below 120 HP. 
offers some equipment rated up to 290 HP, but its sales in the higher horse- 
power categories are limited. 

Deere 



Deere offers four basic types of engines, with each type having a unique 
displacement per cylinder. 

versions in turbocharged and naturally aspirated form. 
displacement of 60 cu. in. A long stroke version in four and s i x  cylinders s 

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. 

The 300 series is offered in 3, 4 and 6 cylinder 
Each cylinder has a 

Deere also manufactures 3 other series, offered only as s i x  cylinder models. 
The 400 series with a 466 cid displacement is offered in turbocharged and 

turbocharged/aftercooled versions. 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 series 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 Deers 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 to 15 g/BHP-hr of HC + NO,,. 

HC/13 NO, g/BHP-hr; no information was provided on the 7QO series. 

The 500 series vas rated at 1 

- 

Deere certified a turbocharged version of the 300 series - the 6-359 engine - 
- in 1987. Its 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 NOJ0.38 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 vas the principal method of NO, control on the certified engine, but 
the injection pump vas also modified to incorporate a light load injection 

timing advance. 

lo" governors that are not widely used in off-highway applications which 
utilize the all-speed governor. The 300 series cannot incorporate in-line 

- 

This feature is currently available on rotary pumps with "hi- 
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TABLE 4 - 2  

DEERE ENGINE SPECIFICATIONS 

300 Series 3 

4 

6 

4 

179 NA 

239 NA.T 

359 NA,T 

276 NA.T 

GOO Series 

500 Series 

700 Series 

6 414 

6 466 

6 619 

6 955 

T 

T,TA 

TA 

TA 

HP 

-50 

5 8 - 6 9  

9 5 - 1 1 0  

73-105 

122.148 

1 6 5 - 2 0 5  

275 

290 



... 

-. . 

- 

pumps vithout extensive redesign of the pump gear drive, manifolds and, 

possibly, the block. 
use injectors with 0.46 mm' sac volume but low sac volume injectors are used 
in the certified version. 
durability of the low sac injectors. 

The construction equipment versions of the 300 series 

Deere stated that they vera not satisfied with the 

EEA believes that a modest development effort vi11 be required to certify the 
naturally aspirated versions of the 300 series to Level I standards. It is 

assumed that the lov sac injectors' durability problems vould be solved. 

Contact with Stanadyne revealed that never 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'infonnation shoving that the incremental cost 
of low-sac injectors vas negligible. Stanadyne representatives estimated the 

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

EEA expects that it will be difficult for Deere to certify the 300 series 
engines to Level I1 standards, unless the engines are significantly modified. 

As noted in Section k.1, several naturally aspirated engines are certified to 

Level I1 equivalent standards, but these tend to be either modern diesels or 

pre-chamber type diesels. 

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. 

to data supplied by Deere. is about $150 to $200. In addition, some horse- 
pover ratings of naturally aspirated engines may no longer be available, 

requiring a turbocharged engine. 
the'turbocharger price increment to be $700-$750 for 300 series engines. 

The Deere engines are of dated design. and we 

The incremental cost of in-line pumps over rotary pumps according 

Engine price data submitted by Deere shows 

Engines in the 400 series are sold only in turbocharged form. 

certified version utilizes a higher pressure in-line injector pump with an 

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

The bo0 series' 
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t o  accommodate the  high pressure  pump, and have reduced sac volumes. 

a n t i c i p a t e s  t h a t  these  changes can be incorporated i n t o  the  off-highway 

ve r s ions ,  SO t h a t  meeting Level I s tandards  is no t  a problem. Since the o f f -  

highway 400 series engines a r e  r a t ed  a t  l w e r  pover than the c e r t i f i e d  

ve r s ion ,  i t  is not c l e a r  i f  new i n j e c t i o n  pumps a r e  requi red  t o  meet Level I 

s tandards .  

Em 

For Level I1 s t anda rds ,  the cu r ren t ly  c e r t i f i e d  engine with turbocharging and 

a f t e rcoo l ing  appears t o  have r e l a t i v e l y  low p a r t i c u l a t e  emissions,  a t  the  8.0 

g/BHP-hr NO, l e v e l s .  It  is l i k e l y  t h a t  with t iming r e t a r d .  combustion 

opt imiza t ion ,  use of zero-sac  i n f e c t o r s  and a h igher  pressure  i n j e c t o r  system, 

the engine w i l l  be ab le  t o  meet the 5 . 7  g/BHP-hr NO, and 0 .6  g/BHP-hr p a r t i c u -  

l a t e  s tandard .  Deere suggested t h a t  t he  non-af tercooled ve r s ion  of the engine 

could a l s o  meet Level I1 standards.  

improve f u e l  economy, the o v e r a l l  e f f e c t  of timing r e t a r d  and improved 

technology may r a i s e  f u e l  consumption by 3 t o  4 percent. i n  the  turbocharged 

engine. 

While technological improvements could 

The extremely Low s a l e s  volume of the 500 and 700 series engines suggests t h a t  

Deere could q u a l i f y  f o r  any p o t e n t i a l  low sales volume exemption from Level I1 

s tandards .  Since these  engines are turbocharged/aftercooled, EEA a n t i c i p a t e s  

no problems i n  meeting Level I standards.  

Deere was unable t o  provide s p e c i f i c  comments on Level I11 s t anda rds ,  but 

suggested t h a t  i t  vas not advanced enough t echn ica l ly  at  t h i s  pofn t  t o  

eva lua te  i t s  a b i l i t y  t o  comply. 

a n t i c i p a t e s  problems with i t s  300 s e r i e s  engines.  

may outsource some engines a t  the  Level I1 and Level 111 standard .  

Even with Level I1 s tandards ,  Deere 

I t  is poss ib l e  t h a t  Deere 

4.2.2 C a t e r a l l l a r  

C a t e r p i l l a r  engines are a v a i l a b l e  f o r  off-highway use i n  f i v e  d i f f e r e n t  

s e r i e s .  The 3200 s e r i e s ,  s o l d  as 4 cy l inde r  and 8 cy l inde r  models is a v a i l -  
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able in the 70 to 200 HP range. 
separate injection pump. 
engine in Caterpillar's line and is available in naturally aspirated, turbo- 

charged and turbocharged/aftercooled versions as a &-cylinder and 6-cylinder 
engine. The 3400 series is 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 injection systems operating at about 15,000 
psi in comparison to the 8500 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. 
recently introduced (in 1986) and covers the same horsepower range as the 3200 

series. The 3110 series features an advanced unit infector system, and is 

expected to replace the 3200 series, which may be phased out in the early 

1990's. 

The 3200 is a direct injection engine with a 
The 3300 series is the most widely used off-highway 

The 3110 series was 

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 

18.0 

3300 series 3304 NA 2.5 
3304 T 15.8 
3306 NA 6.0 
3306 T 29.2 

56.0 
3306 TA 2 

. The last 2 digits in the series are the number of cylinders, NA is 
naturally aspirated, T is turbocharged and TA is turbocharged/after 
cooled. 

4-11 - 



3400 series 3406 T 6.0 
3406 TA 2 .5  
3408 T 6.3 
3408 TA 2 . 5  
3412 T 2.0 
3412 TA a 

?IL1 

All other engines account for less than 6 percent of Caterpillar off-highway 
sales. 
their current engines. They are: 

Caterpillar provided the emissions based on aspiration for all of 

0 Natural aspirated 1.5 HC/5.S C 0 / 9 . 0  N O J 0 . 7  Particulate 
0 Turbocharged 0.6 HC/2.0 C0/9 .0  NOJ0.3 Particulate 
0 Turbocharged/aftercooled 0 . 4  HC/2.6 C0/8.0 N O J 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. 

modest modifications to attain Level I standards. Catarpillar 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. 

believes that given the high technology level of the 3306. it should have no 

difficulty in attaining Level I standards, simply through modest timing 
optimization. 

These would require some 

€EA 

To meet Level I1 standards, Caterpillar can utilize existing calibrations for 
off-highway engines extensively. Table 4-3 lists the certified levels of 1988 

or previous model years for equivalent engines. 
that on the 13-mode test, Caterpillar 3300 and 3400 engines were meeting or 

close to meeting Level 11 standards without aftercoolers, although particulate 
emissions are not known. 

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 I1 standards. The only engine that may have difficulty with Level 

Data from 1 9 7 7  engines show 

EEA believes that technological improvements to the 

- I  
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TABLE 4-3 

EMISSION LEVELS OF 1988 CATERPILIAR ON-HIGHWAY ENGINES 
(transient test emissions in g/BHP-hr) 

ENGINE 

3200 NA 

3200 T 

(1977)' 3300 T 

3300 TA 

(1977). 3400 T 

3400 TA 

(1977)'3408 TA 

-HE 

165 

240 

250 

300 

325 

425 

450 

& 

1.20 

0.80 

_ _  
1.10 

- -  
0.40 

_ -  

SQ 

2.6 

1.6 

1.0 

4.5 

1.5 

2 . 0  

1.0 

NOx 

6.0 

5.4 

6 HC+NO, 

5.8 

7 HC+NO, 

6.0 

6 HC+NO, 

Particulate 

0.60 

0.48 

n/a 

0.46 

n/a 

0.15 

Results from 1977 certification on 13-mode steady-state test. 
available. 

n/a is not 
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I1 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 C0/5.5 
NOJ0.5 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 I11 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. , I t  
already utilizes air-to-air aftercoolers in most of its 3306/3406 line 

certified for on-highway use. 
with using air-to-air aftercoolers and electronic controls on off-highway 

engines. 

Section 4.1 discussed some of the difficulties 

Caterpillar did not provide separate data on the 3500 series and 3110 series. 

Sales volume of the 3500 series 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 I11 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 I1 standards for both naturally 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 11. 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 in 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. 
that several naturally aspirated diesels are meeting Level I1 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 Caterpillar. a turbocharger on a 3200 series 
engine adds $1,000 to the cost, while an intercooler adds $600. 
cases, fuel economy could improve 5 to 10 percent, even with the emission 
reduction. 
Level I and Level I1 standards with available technology. 

Given 

In such 

In summary, Caterpillar engines appear to be capable of meeting 

4.2.3 cummi= 

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 vith a Bosch-type in-line 

fuel pump, and is available in 4 and 6 cylinder form. 
available only as 6 cylinder in ratings from 150 to 240 HP. 
series diesels are used in medium- and light-heavy trucks respectively. 

engines are of recent design and have come into production in the 1984-198s 

- 

The C-series is 

The C and B 

Both - 

- time frame. The Cummins "-855 series vas the mainstay of its on-highway 

engine line-up, and has recently been supplemented by the L-10 engines. 
engines cover the 240 - 480 HP range. but the L-10 is typically used in the 
lover horsepower categories. Both engines use unit injectors vith 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. 

Both 

- 
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Although Cumins 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: - - 
B and C series 50 80 

NH855/L- 10 30 80 

K/KV 10 100 

All Other 10 75  

The distribution is similar to 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 I1 standards as well. The 1988 certification levels are shovn in Table 
4 . 4 .  

Level I1 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 I1 standard proposed, although particulate emissions are not 
available for this engine. 

As can be seen, a large majority of Cummins diesels can easily meet 

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 11. As with Caterpillar, we anticipata 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. 

construction equipment NTA-855-C400. Hardware differences are minor, and NO, 

Cummins provided one comparison of the on-highway NTC-400 and 

4-16 



TABLE 4-4 

CUHnINS 1988 ON-HIGHWAY ENGINE MISSION LEVELS 
(transient test emissions in g/BHP-hr) 

... 

_. 

Jx!aiE* 

B Series 

483.9 T 

483.9 TA 

685.9 T 

685.9 TA 

C-Seriei 

668.3 T 

6C8.3 TA 

Other 

L-10 TA 

NT855 TA 

K19 TA 

NHC N 

(1977)" 

& 

105 

120 

160 

180 

210 

250 

350 

444 

600 

250 

& a NOx hrticulate 

0.70 _ _  4.8 0.46 

0.43 _ _  4.4 0.45 

0.43 _ _  5.2 0.43 

0.87 - _  4.3 0.51 

0.50 

0.71 

0.31 

0.51 

0.55 

4,6 

5.7 

0.58 

0.50 

_ _  5.4 0.38 

_ _  5.0 0.44 

_ _  7.6 0.60 

- _  8.0 HC+NO, n/a 

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

Results from 1977 certification on 13-mode test. n/a is 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 tvo engines. As a result, we are unable to 

specify costs for Cumins engines, but believe that costs should be generally 

similar to those for Caterpillar. (Pricing actions are considered in Section 

7.) 
I standards, and are capable of meeting Level I1 standards vith available 
technology. 

In summary, Cumins engines are probably already in compliance with Level 

4.2.4 Komatsu 

Kornatsu offers a vide 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 Series - 400 HP t o  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. 

naturally aspirated and turbocharged models. Komatsu also offers two pre- 

chamber type diesels, the 94 Series and the 130 Series (in &-cylinder form). 

In additinn, Knmatsu nffers a "turbulence chmber" version of the 95 Series. 

The 105 and 125 Series offer a mix of 

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,. 
engine vas used, although the 20.8 figure was an isolated and extreme case. 

Most other engines in the 95, 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. 

It was not clear from their submission as to which 
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- However, the emissions capability 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 I1 standards could be attained with the 
following technologies: -. 

Injection timing retard 

Use of electronic timed injection retard 

Use of high pressure injection pumps 
Improved combustion matching by using 

- lower swirl ratio 
- 
- air-to-air intercoolers or dual circuit intercoolers. 

smaller hole diameters in injector nozzle 

Komatsu provided data, based on the transient test, on several engines 
105, 125 and 140 Series. 

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 

I1 standards will be with their small displacement naturally aspirated 
engines. The existence of a low emission swirl chamber 95 Series line 
indicates that Komatsu may opt for replacing the direct injection 95 Series 

with the swirl chamber version. 

in the 
These data indicated emission levels ranging from 

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 hD-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 

associated with the pre-chamber engine of about 12 to 1s percent. For the 

very large engines over 850 H P ,  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 I1 standards with available 
technology. Komatsu also stated that they could not provide comments on these 

Level 111 standards at this time. 

4 . 3  AGGREGATE VARIABLE COST/PRI CE E S T R U T  ES FOR THE IND W S T R ~  

In this section, aggregate industry-wide variable costs to meet Level I, I1 

and I11 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 Catenory 3 Tur bocha- d 3 Total MarkeE 
50-120 60 50 

120-240  80 40  

240-480 90 9 

i 90 c 
480+ 

This section also covers only these & increases associated with new 
additional hardware. 

costs are considered in Section 7. 

year that they occur and not associated with specific products: 

Research and development costs as well as certification 

These costs are typically expenses in the 

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. 
that this is largely true for major manufacturers other than Deere and 

EEA believes 
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Komatsu. The case studies indicate that most manufacturers will meet Level I 
standards by injection timing optimization and the use of low sac injectors. 

In some equipment, (such as Deere's 300 Series) which uses rotary lnjection 
pumps, light load timing advance mechanisms may be required. 
is associated with timing optimization. 
50 percent of ell engines will need improved injectors at $10 per engine and 
20 percent of all engines may need some lighc-load advance mechanism for 

injection timing at $50/engine. The average price increase associated with 
hardware changes is, therefore, $14. This price does not include the price 

effects of R6D and certification cost. 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. 

No variable cost 

Ue have conservatively estimated the 

4.3.2 Level I1 Standards 

At this level of control, it is believed that many naturally aspirated diesels 

will require significant changes to meet the standards. 

naturally aspirated diesel will be replaced by a turbocharged diesel and some 

turbocharged diesels by turbocharged/aftercooled diesels.. In almost all 

cases, a variety of changes are required to meet Level I1 standards including: 

In some cases, a 

combustion chamber optimization 

increases to injection pressure 

injection 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 example, the price of piston is not 

affected by the exact dimensions of the combustion chamber in the piston bowl 
In some cases, a5 with Deere. the use of high pressure injection pump may 
require changes eo the pump drive gears and mounts to handle the extra load. 

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

nost 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 
1~,000-15,000 psi with suitable adjustments to injector lines and injectors 

can impose costs of $100 per engine. 
engines will require this change. 
engines will be turbocharged (decreasing naturally aspirated engines from 29 

percent to 19 percent). and 10 percent of turbocharged engines will be after- 
cooled (increasing aftercooler penetration from about 20 percent to 30 

percent). 
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. 

We have assumed that 50 percent of all 
We have also assumed that 10 percent of 

Increased use of turbocharging and aftercooling are occurring in 

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. 

NO., and particulate at any given injection timing. 

choose lover 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. 

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. 

associated with the ATAAC at 1988 emission levels is nearly 5 percent, and is 
the foregone fuel economy associated vith the ATAAC. 

An air-to-air after cooler reduces both 

Clearly, manufacturers can 

However, tney can 

However, the fuel economy gain 
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... 

Fleetwide price increases are as follows: 

Tschnolonv U LW~SLU !Ughte d Price ( S )  
In-line pump 300 10 30 
High pressure pump 100 50 50 
Turbocharging 1000 10 100 

Af tercooling 600 10 60 

Total 240 
- 

The net weighted cost is $240, which represents the incremental price over 

Level I standards. Again, this does not include the weighted price effects of 

increased Rh D  and certification costs, discussed i n  Section 7. 

Net fuel economy losses for turbocharged engines is on the order of 4 t o  5 

percent, while far 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 lncr ease by 8 percent and 2 percent respectively. 
The fleetwide fuel economy losses are as follows: 

Eneine T w e  3 Fuel Economv Loss 3 Mar ke t 3 Weiehted F/E Loss 
Naturqlly Aspirated(NA) 5 to 6 19 1.0 
Turbocharged (T) 4 to 5 61 2 . 1  

NA converted to T ( 8 )  

Intercooling Added ( 2 )  

Total 

10 (0.8) 

10 u 
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 t o  emission standards, such as friction reduction, may 

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

4 . 3 . 3  Level I11 S tandardp 

Attainment of these standards has n o t  been extensively analyzed by the off- 

highway manufacturers. 

highway engines will require particulate traps or catalysts, as well as 
It is likely that a significant fraction of off- 
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advanced t iming con t ro l s  ( e i t h e r  e l ec t ron ic  o r  mechanical) t o  meet these 
s tandards .  A r e l a t e d  i ssue  of concern is t h e  f a c t  t h a t  engines a r e  c e r t i f i e d  

sepa ra t e ly  from equipment. and d i f f e r e n t  engines can be u t i l i z e d  Ln t h e  same. 

equipment type. In a d d i t i o n ,  packaging of the t r a p  o r  c a t a l y s t  would vary by 

equipment type. 

There is considerable  disagreement about t h e  c o s t s  of a t r a p .  

p ro jec ted  c o s t s  t o  be U.S. $457 f o r  a LHDDE., U.S. $ 5 5 3  f o r  a MHDDE' and U.S. 
$661 f o r  a HHDDE.. 

EPA has 

Manufacturer es t imates  a r a  higher  by a f a c t o r  of 2 t o  5 

Such large d i f fe rences  cannot be explained b y  d i f f e r -  EPA es t imates .  

ences in assumed dea le r  o r  p r o f i t  margins. As an example, Ford, IH and CH 

est imated t r a p  c o s t s  f o r  a MHDDE t o  be U.S. $2200, $2080, and $2300, respec- 

t i v e l y .  

they a r e  remarkably c o n s i s t e n t .  Costs f o r  the HHDDE's ranged from U.S. $2800 
t o  $7000, with most values  lying betveen $3000 and $4500. GM supplied an 

est imate  of U.S. $575-900 f o r  IHDDE t r a p s .  Clear ly  t h e  M -  and H-HDDE c a t e -  

gor ies  a r e  t h e  ones with t h e  l a r g e s t  disagreement i n  c o s t  es t imates .  Since 

there  a r e  no t r a p s  ava i l ab le  commercially, an informed judgement a b o u t  the 

t r a p  c o s t s  is d i f f i c u l t .  

nology d i f f e r e n c e s ,  a s  some t raps  have separa te  regenerat ion devices while 

o thers  use c a t a l y t i c  a c t i o n  f o r  regenerat ion.  An independent consul tant  t o  

EPA est imated c o s t s  o f  the ceramic t r a p  with a burner system f o r  regenera t ion  

a t  U.S. $624, $800. $1320 f o r  l i g h t ,  medium and heavy-heavy engines respec-  

t ive l y  . 

If one assumes t h a t  these es t imates  were a r r ived  a t  independently, 

Some of the v a r i a t i o n  is undoubtedly due eo t ech-  

EEA be l i eves  t h a t  c o s t s  of the medium and heavy c l a s s e s  a r e  underestimated by 

EPA. 

a c t u a l  p r i c e  changes. es t imate  of  r e t a i l  p r i c e  increases  for  the 5 0  to  120 HP 

segment is about $2000 f o r  the t r a p  alone,  and f o r  240-480 HP segment, is 

Based on h i s t o r i c a l  re la t ionships  between manufacturer es t imates  and 

. 
LHDDE, MHDDE and HHDDE s tand f o r  l i g h t - .  medium- and heavy-duty d i e s e l  
engines r e s p e c t i v e l y ,  which a r e  approximately comparable t o  the 50-120 HP. 
120-240 HP and 240-480 HP c a t e g o r i e s ,  respec t ive ly .  

- I  

- I  
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about $6000. 
due to the inclusion of an aftercooler of the jacket-water or air-to-air 
type.The costs quoted above are very approximate, but should be much better 

quantified in the near future. 

Costs of meeting the NO, standard may add another $500 to $1000 

4.4 

The ARB also instructed EEA to address the issue of retrofitting existing off- 

kighway 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. 
indicated that a typical off-highway diesel is rebuilt after 6000 to 9000 

hours of service, which translates to 5 to 8 years after the engine is placed 

in service. 

Industry sources 

In a typical rebuild, injectors, piston rings and cylinder liners are 
replaced, valves changed and the injection pump is.cleaned and reset (some- 

times it is replaced by a rebuilt Enit). 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 I standards will generally require only changes to injection 

timing and the use of lov sac infectors. 
during rebuild. In our interview with construction firms, we were informed 

that a large majority of construction firms depend upon the dealerships for 

aL1 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 s o ,  manufacturers 
phase out old engine lines and bring in new engines. 

lines, it may be difficult for manufacturers to design retrofit kits to meet 

Level I standards. In addition, most engines undergo evolutionary changes 

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

Both changes are easily accomplished 

For discontinued engine 
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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 vi11 be necessary 
to exchange an older injection pump design with a newer type, as vith one 

- 

incorporating timing control. - 

- Retrofit to Level I1 standards will be much more difficult. 

to the combustion chamber, valve timing and compression ratio may be required 

as vell as a newer high pressure fuel injectipn system. 

changes would require a nev camshaft. pistons, injection pump, injectors and 
injection lines. Retrofit of turbochargers and intercoolers may be required 

AS noted, changes 

Typically, these 
- 

in some instances. Such an extensive retrofit is generally not feasible, - 

rebuilds to Level I1 standards is clearly infeasible, but the ARB may wish to - 
although it may vell be possible for some engines. A regulation requiring all 

pursue the possibility of rebuilding some sub-category of engines to meet 
Level I1 standards. This vould 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 FUw 

One potential method of reducing emissions is to change the fuel type used in 
the engines. Both compressed natural gas (CNC) and methanol have been 

suggested as possible alternatives. 

suited for diesel engines - they have low cetane numbers and require that the 

compression ignition engine use some type of combustion assistance. 

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. 
this section provides some insight into special factors to be considered for 
the off-highway market. 

In one respect, both fuels are poorly 

The 

However, 
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4.5.1 e 

Many existing diesel engines have been converted to CNG use. 
Caterpillar offers a CNG version of the 3406 for use as a stationary diesel. 

The conversion to CNC involves the changing of the combustion process to that 
of a spark ignition engine. 

compression ratios of 16:l to 19:l. 
such high compression ratios(CR), so the CR is lowered to 13:l to 15:l. 

addition, the intake manifold must be changed and a spark ignition system 

added. After conversion, the CNC engine resembles the standard spark ignition 

engine operating on CNC. 

throttling losses absent in the diesel,,but full load efficiency is very 

similar to that of a diesel. 
emissions are very low, and HC emissions are mostly unburned methane, which 

has low photochemical reactivity. However, NOx emissions of G to 6 g/BHP-hr 
are typical, even with lean operation. 

For example. 

Typical large direct-injection diesels have 

CNC in a spark ignition engine cannot use 
In 

It loses some efficiency at part load due to 

Typical of a spark-ignition engine, particulate 

Operationally, the largest difficulty associated with CNC 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. 
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 

Tank 

. may pose safety threats that would require careful redesign of equipment t o  

house the tanks in a shielded area on the vehicle. Little research has been 

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 substituting CNG for diesels in off-highway vehicles. There are 

obvious benefits for HC and particulate emissions. Should the ARB wish to 
pursue CNC 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 R6D and commercialization phase 

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

4 . 5 . 2  nsthanol 
- 

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: 

addition of ignition improvers to methanol 

dual-injection or pilot injection 

spark ignition of alcohols. 

flethanol (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. 

corrosive as well. 

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 nhbers of 

alcohols with ignition improvers are not representative of the actual charac- 

teristics of the fuel, and the current cetane rating method used for diesel 

fuel is unsuitable for alcohols. 

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 . S .  emission standards using methanol with ignition improvers as a 

fuel. 

These improvers are explosive and some are 

A significant quantity of the ignition improver is needed 

Limited emission testing of ethanol with 

Dual injection or pilot 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. 
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 (vith dual injection) in the late 1970's and it vas 
tested by EPA. HCrlo 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. 

(which are the overwhelming fraction of total organics) were measured at 4.9 

g/kv-hr, and aldehydes at 250 mg/kw-hr. In comparison, aldehyde emissions 
vith diesel fuel vas 14 mg/kw-hr. 
about 35 percent, relative to a diesel-fueled engine. In conjunction with an 

oxidation catalyst, both HCrlo 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 amount of diesel fuel injected to maintain ignition 

Unburned alcohols 

NO,, and particulate emissions declined by 

The spark-plug and glow-plug assisted ignition method have received more 

attention recently. 

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 

vith spark plugs. 
of unburnt methanol and aldehydes. Detroit Diesel Corporation (DDC) has also 
developed a modified diesel engine capable of running on pure methanol. 

lov loads, the DDC engine uses glov plugs to achieve ignition. At higher 

loads, the intake temperature and pressure are controlled electronically to 

achieve conditions for autoignition. The DOC engine does not yet utilize a 

catalyst. 

A "spark-assisted" compression ignition engine developed 

The engine uses an oxidation catalyst to reduce emissions 

At 

The M.A.N. and DDC engines have been refined over the last two years. Data 
presented by DOC in 1988 has shown the latest version of the methanol 6V-92 

engine to have very h v  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/EHP-hr. 
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. 
vide variety of diesel engine manufacturers have been experimenting with 
methanol. 

highway markets who are experimenting with methanol. 
the vast majority seem to prefer the glow plug or spark plug approach to 
combustion. 
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. 

K.A.N. has reported somewhat higher values. although further 

A 

Table 4-5 provides a listing of manufacturers active in the off- 
As shown in the table, 

Host reports indicate a 50 percent reduction from the equivalent 

While the emissions of methanol engines have been generally good, there are 

many problem areas. Aldehyde emissions are approximately m i c e  the level of 
emissions from diesel engines, and their control to l o w  levels may require a 

catalyst. Serious durability problems remain, and significant progress is 
required before methanol engines can be commercialized. 

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 to 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. 

The DDA engine vas 

For off-highway construction equipment, there are two other significant 
factors to be considered. 

relatively large diesels (of over 240 HP) for conversion to methanol. With 

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

First, most manufacturers have concentrated on 



ManufactureK 

Detroit Diesel 

Caterpillar 

Deutz 

Navistar (IH) 

Nissan 

Isuzu 

Cummins 

Komatsu 

TABLE 4 - 5  

METHANOL COMPRESSION IGNITION ENGINE RESEARCH 

Erlarle 

6V- 92TA 

3306T 

3406TA 

F8L413F 

DT466 

PE6H 

ll:liter/6 cylinder 

NTC855 

4D95L 

Smbusti on A s s i s  t 

Glow plug and intake 
air temperature control 

Glow plug 

Glow plug 

Glow plug 

Surface ignition 

2 spark plugs 

Spark plug 

Cetane improver 

Spark plug 



- 
d i e s e l  engines t h a t  account f o r  high s a l e s  volume i n  the  off-highway market. 

Second, off-highway construct ion equipment is usual ly  fueled only once a day - 
by a f u e l  t ruck t h a t  a r r i v e s  a t  the  cons t ruc t ion  s i t e .  

of methanol and the  reduced energy economy requ i r e s  t h a t  methanol fueled 

equipment have A tank about 2 . 5  times a s  l a rge  a s  the d i e s e l .  

n e c e s s i t a t e  redesign of the equipment t o  accommodate the  la rge  tank.  Both 

Komatsu and C a t e r p i l l a r  have i n s t a l l e d  methanol compression ign i t ion  engines 

i n  off-highway equipment. Except f o r  the  r e fue l ing  requirement, the perform- 

ance of t he  engines has been s a t i s f a c t o r y  and operators  were generally unable 

t o  perceive any d i f f e rences  from the equiva len t  d i e s e l  engine.  

problems assoc ia ted  with methanol use i n  the  on-highway segment, such a s  

engine d u r a b i l i t y ,  f u e l  a v a i l a b i l i t y  and f i r e  s a f e t y  a r e  common t o  the o f f -  

highway market a s  wel l .  

The low energy content 

- 
This would 

- 

Of course,  all 

In  summary, methanol conversion o f f e r s  the p o t e n t i a l  t o  meet and exceed Level 

I11 emission requirements by a s i g n i f i c a n t  margin. However, the s t a t u s  of 

technology development r e l a t i v e  t o  the off-highway market suggests t h a t  it is 
a so lu t ion  f o r  the  post-1995 time frame. 
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5. RZGWUTORY STRATEGIES 

5 . 1  SIONS RE G- 

While the D i s t r i c t s  a r e  responsible  f o r  con t ro l l i ng  a i r  po l lu t ion  from a l l  
sources o ther  than motor vehic les ,  Ca l i fo rn ia  Health and Safety Code Sections 

39002 and 39500 provide t h a t  the ARB has the r e spons ib i l i t y  f o r  cont ro l  of 

emissions from motor vehic les .  The d e f i n i t i o n  of motor vehic les  may be found 

i n  Health and Safe ty  Code Sect ion 3 9 0 3 9 ,  which references the Vehicle Code. 

"Motor Vehicle" is defined i n  Vehicle Code Sect ion 4 1 5 ;  "vehicle"  is defined 

i n  the Vehicle Code Sect ion 670. These two de f in i t i ons  provide t h e  c r i t e r i a  

t o  determine whether a source is a motor vehic le  and thus under the j u r i s d i c -  

t i o n  of the ARB. The de f in i t i ons  a r e :  

Vehicle Code 670. A "vehicle"  is a device by which any person o r  
property may be propel led,  moved, o r  drawn upon a highway, excep- 
t i n g  a device moved exclusively by human power o r  used exclus-  
i v e l y  upon s t a t iona ry  rails o r  t r a c k s .  

Vehicle Code 4 1 5 .  A "motor vehicle"  is a vehic le  which is s e l f -  
propel led.  

From these d e f i n i t i o n s ,  i t  is c l e a r  that  se l f -p rope l l ed  cons t ruc t ion  equipment 

such as  graders ,  e a r t h  movers, and t r a c t o r s ,  f a l l s  under the j u r i s d i c t i o n  of 

the ARB. However, equipment such as p i l e  d r i v e r s  and por tab le  generators  f a l l  

under the j u r i s d i c t i o n  of the D i s t r i c t s ,  s ince  t h i s  equipment is not  s e l f -  

propel led.  

Based on the technology ana lys i s  i n  Sect ion 4 of t h i s  r e p o r t ,  EEA suggests the 

following sets of s tandards and the minimum lead  time required f o r  implemen- 

t a t i o n .  

duty t rucks i n  t h a t  a l l  s tandards w i l l  be based on the concept of an engine 

family t h a t  would cover s e v e r a l  d i f f e r e n t  horsepower r a t i n g s  of an engine with 

similar bore ,  , s t r o k e ,  a s p i r a t i o n  and f u e l  i n j e c t i o n  system. Standards would 

The regulatory framework would be s i m i l a r  t o  t h a t  u t i l i z e d  f o r  heavy- 
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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 l og  skidders 

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

industry. 
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. 
are dictated by manufacturer specific constraints. and the proposed minimum 

lead times should, in EEA’s opinion, 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. 

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

Lead times for the implementation for standards 

Imposition of the Level I standard of 10 g/BHP-hr HC + NO, based on the 13- 
mode test can occur vith a minimum two-year lead time after rule promulgation. 

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

compliance with this standard. 
turers, Deere and Komatsu should have no substantial difficulty in meeting 

this standard. 

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

Based on information supplied by the manufac- 

EEA believes that Deutz and IH also should have no difficulty 

0 

0 

allow enough time to develop new calibrations on all engine lines 

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

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

0 complete the certification process 
0 segregate products for California and set up a system to track 

product flow to California. 

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

implementation of Level I standards in 1991 as the earliest possible date. 
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Although the lead time is relatively short by historical standards, most 

manufacturers have been anticipating the introduction of standards since the 
early 1 9 8 0 ’ s  and are therefore well prepared to embark on this process. 

However, 1991 is also the year when stringent new standards are in effect for 
heavy-duty trucks. 
burden for manufacturers ARB may consider imposing standards in 1992 or 

beyond. 

In order not to strain the development and certification 

The imposition of Level I1 standards of 1.07 “75.7 N O J 0 . 6  particulate 

standards requires a lead time that varies by both manufacturer and horsepower 

category. 
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: 

In the horsepower categories of 120 to 480 HP, most major manufac- 

0 changes to fuel injection system to high pressure systems 

0 

0 

increased use of turbocharged aftercooled engines 

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

changes of engine suppliers among some equipment manufactures. 0 

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 imply that the standard could be imposed in 1993 or 199L 

model year, at the earliest. Of course, other competing issues such as the 

1994 standards for heavy-duty trucks may cause significant difficulties for 

the manufacturers so that more lead time may be appropriate. 

’ 

In the 50-120  HP category, €EA 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 I1 

standards. Because of the more extensive design changes involved, we believe 
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an additional 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 engines 
less than 120 HP to certify to Level I standards. 

In addition, EEA believes 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 I1 

standards. Multi-year certification can also provide reductions in compliance 

costs. 

EEA does not believe that Level 111 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 t o  be unsuitable 

for use in the rough off-highway operating environment. The use of parcicu- 

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 I1 standards. Because of the difficulty 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 

-- 



economically efficient to exempt those engine families selling less than 10 or 
12 units per year. Since the sales in the construction industry of specific 

pieces 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 imports 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 m ore than 3 or 4 ennine f a m w  per engine manufacturer to 

prevent a proliferation of separate engine families. 

- 

- 

- 
EEA also does DpE believe that a separate durability test is necessary. 
Available data from EPA certification suggests chat the diesel engine's 
deterioration factors are generally quite low. The ARB may choose to take the 
following actions: 

.- 

- 
accept on-highway deterioration factors for engines that are 
substantially similar to off-highway engines 

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

0 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 I1 

type particulate standard is enacted. 

peak smoke requirement and deleting requirements for the acceleration and lug 

modes, as manufacturers and the EMA have raised objection to applying the on- 

The ARB may wish to retain only the 



road smoke standards to off-highway engines. In addition, manufacturers must 

be in compliance vith California Health and Safety Code 41701, which sets a (r0 

percent limit to opacity. 

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

approximate visual enforcement rsquiremenrs. 

The South Coast Air Quality Management District 

EEA suggests that the ARB work with manufacturers in setting a recommended 
measurement procedure for particulates with the steady-state test. 

procedure is currently defined only for the transient test. Although 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. 

The 

Separately. EEA also suggests the ARB require manufacturers to uprate their 
rebuild kits so that rebuilt engines will meet Level I 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 never specification. 

ARB should be prepared to examine requests for an exemption on a case-by-case 

basis. 

For this requirement, 

5.2 ENFORCWNT OF RE c- 

There are currently no regulations which apply to off-highway diesel engines 

in the State of California. 

require new and innovative methods of enforcement. 

examines the current state of regulation in California in terms of mechanisms 
already in 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. 

Therefore, any regulations of this type would 

This section of the report 
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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. 
approaches have been developed which represent the range of enforcement 

options from a simple, lov cost approach with fairly high levels of com- 
pliance, to a maximum amount of enforcement with nearly 1000 compliance. 

Several alternate 

5.2.1 Voluntary Comuliancs 

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 nev equipment is 

certified for use in California. 
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 lov cost and probable 

high levels of compliance as most dealers would not risk the chance of being 
caught. 

rates, and would require additional inspection staff. 

The only method of enforcement suggested is 

However, this method does not allov for assessment of compliance 

The total number of establishments which sell or rent construction vehicles 

has been estimated by California dealers to be 250. 
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. 

Quarterly inspections 
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Compliance is expected to be at least 70-809, based on the expectation that 

the larger construction firms (which represent most of the construction 

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

5.2.2 Comnli ance with AOMD s u m m i s i  on 

The intermediate approach vould require that all new equipment sold in 

California display prominent stickers shoving emissions compliance, with 

routine site inspections by Air Quality Hanagement District (AQMD) inspectors 
to determine compliance. 

represent the various needs of each AQMD. For example. more frequent inspec- 
tions could be required in areas such as the SCAQMD areas where emission 

control needs are critical. 

greater than the marginal increase in compliance rates gained from using the 

intermediate approach over voluntary compliance. 

to the intermediate approach: 

Precise enforcement policies could vary locally to 

However. increased costs of enforcement may be 

There are several obstacles 

Locating compliance stickers on dirty or dust-covered vehicles 
may be difficult 

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

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

Hqny 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 

ovners 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 AQEIDs 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 authority over implementation of permit programs 
and enforcement. 

Within these areas, the AQEIDs 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- 

OSHA), the California Occupational Safety and Health Administration (Cal- 
OSHA), local building inspection agencies. and, for public vorks. the spon- 

soring government agency. 
ARB interaction vith these agencies. 

for safety and for compliance vith 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. 

Some research vas conducted into the feasibility of 
As most jurisdictions inspect buildings 

Gal-OSHA currently regulates the safety of the public sector with Fed-OSHA 

having jurisdiction over the private sector. Cal-OSHA is in the process of 

regaining its private sector jurisdiction and should be restructured by the 

end of 1989. 

under the folloving conditions: 

6 an accident has occurred 

Currently both agencies inspect buildings or construction sites 

an employee or employer has requested an inspection 

an unsafe situation is spotted by an inspector while driving by a 
work site, or while inspecting a nearby safety hazard 

- 
I! 
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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 to 
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 GO% opacity in excess of three minutes of visible emissions of smoke, 
dust, and dirt. However, the AQHDs 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. 

necessitated by regulation on construction vehicles (i.e. regular site visits 

to construction operations) would' require sufficient funding to the AQMDs for 

increased staff. 

Additional monitoring activities 

In order to estimate the additional staff needed to conduct regular site 

inspections, EEA contacted two of the largest Air Quality Management 
Districts, the South Coast (SCAQMD) and the Bay Area (BAAQMD). 
currently employs approximately G6 inspectors. A BAAQMD representative 

estimated that regulations requiring thorough inspections of construction 

sites by AQHDa 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 

The BAAQMD 

- 

-. 
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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 pose a threat to 

all contractors. If the AQMDs are able to randomly inspect 10-150 of the 
total number of construction sites at three sites per day. an additional 100 

inspectors would be needed. 
drive-by inspections of job sites. this number may be reduced by 3 0 - 4 0 0 ,  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 overhead costs yields 3 to 4 

million dollars needed to fund additional staff. 

As several of the jurisdictions currently conduct 

The estimated compliance for this strategy is 85-90%. In 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 
policy would be inspections of 1000 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. 

notice prior to beginning a project. which would allow for thorough inspec- 

tions of all construction activities. 

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. 

He suggested that all contractors give 10 days 

This strategy would raise the manpower 
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Vehicle RIPirtr.tion 

A maximum level of enforcement would require registration of all vehicles by 
the Division of Motor Vehicles. 

passenger vehicles would be providad with certification of emission compliance 
for all vehicle model years covered by regulation. 

construction sites would need to ba inspected regularly by AQEU) inspectors for 

registration plates. 

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 air quality problems. 

A registration sticker'similar to those on 

A l l  vehicles at 

This approach would ensure up to 988 compliance state- 

The disadvantages to this approach are as follows: 

0 High costs compared to marginal benefits of registration over 
compliance with AQEU) supervision or voluntary compliance 

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

0 Significant opposition from equipment owners as this will create 
an avenue for taxation of vehicles. 
vould oppose such a move on ARB'S part. 

The AGC stated its members 

The processing of each vehicle would require mailing out information, obtain- 
ing payment, providing plates, and data processing. From the local 

(Washington) DMV, ve were provided an estimate of 1/3 man-hour per vehicle for 
all activities listed. 
process the fleet of 120,000 vehicles, plus an additional 13-10 people for 

administrative. 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 to cover office and overhead costs, vould require $1.8 million per year. 
These costs would be incremental to the costs of AQEU) inspectors required to 

inspect and ticket unregistered machines. 

Thus, an additional 20-22 people are required to 
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The DMI 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. 

vehicle is not inconsistent with the procedures of many jurisdictions in the 

registration of cars and trucks. 

The cost of $18 per 
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6 .  EQUIPMENT AND EMISSIONS INVENTORY 

6.1 m O D  UCTION 

In order to assess the impacts of regulation in teras of emissions reduction, 

it is first necessary to estimate the current population of vehicles which 

vould fall under emissions regulations, as vel1 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 forecasc 
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 inventory 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 CIHA to represent the California population, and the recently 
developed inventory determined by Power Systems Research, Inc. (PSR) under 

contract to EEA. 

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. 

The differences between these estimates are explored in 

6 . 2 .  KECETHODOLOCP 

Several difficulties arise in compiling a state-specific inventory of con- 

struction equipment. 

on sales and shipments of construction equipment in the U.S. and differing 
These difficulties resulc from the lack of precise data 

6-1 

. .  



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 between 

them and outlining the strengths and deficiencies of each. 

these inventories -consists of comparing them with other sources of available 

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 
CIUA adaptation of ' "Universe of Construction 
Equipment", and Power Systems Research's "California Off-Highway Application 

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

The critique of 

6.3 THEEOUIPMNT I N V E N T W  

This section discusses the goals. methodologies and results of the CImIA/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 Technolonv. In C. 

In late 1980, the Construction Industry Manufacturers Association (CIMA) 

contracted Environmental Research and Technology, Inc. (ERT) td study the 
impact of off-highway equipment upon air quality in California. One goal of 

this study vas to gather more reliable and up-to-date industry data to be used 

by the ARB when developing emission inventories. 
basis for the ARB equipment inventory since 1980. 
population and emissions from several equipment-using sectors, including chose 

classified as MS-1 (Nev Off-Road Heavy-duty Non-farm Equipment). The MS-1 

database vas derived from information submitted by manufacturers, their 

associations (the Association Liaison Group, FIEI, EplA and CIHA) 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. 

This study has been the 

ERT developed equipment 

The California MS-1 inventory vas derived by summing up the 

6 - 2  

. .  



portion of U.S. equipment shipments sold in California for ten years. 
years was chosen because manufacturers determined that it is a reasonable 

estimate for the average Life of construction equipment. 

total U.S. sales to California was derived from data submitted by the Assoc- 

iation Liaison Group (0). 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. 
movement of equipment, as no data on this subject was available. 

Ten 

The proportion of 

The study did not attempt to account for the interstate 

The ERT 1979 baseline estimates of the California Domestic population by 24 

equipment types are shown in Table 6-1. 
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. 
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. 

The sum of equipment sold t o  

The ERT report supplied the number of 

CIPU Revision of Constmc tion Ifan azine's "Universe of Construction EauiDment" 

In 1988. CIMA created a revised population estimate based on a study done by 

MacKay h Company which was commissioned by Construction Equipment Magazine and 

The Associates Commercial Corporation. The purpose of Constr uction Ea u io -  

a ' 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 

equipment inventory. 

nearest hundred. 

the U.S. for each type of equipment in the survey by for a number of years, 
depending on expected equipment Life. 

The estimates are generally rounded up or down to the 

The data was obtained by adding sales and shipments data for 

The sumey included the major types of 
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- Table 6-1 
CAIJERT Estimates of 1979 MS-1 Population in California and U.S. 
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equipment used by contractors, but did not necessarily include all of the 
equipment vhich vould be used by specialty contractors, the sum of vhich could 

be a considerable amount of equipment. 
gathered by surveying manufacturers and equipment users. 

Equipment life expectancy data was 

The mstruction Eauioment survey listed total U.S. equipment population by 
equipment type and use. CXHA 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. 

CIHA's numbers vould indicate that.California holds 5-69 of the U.S. total 
equipment inventory. 

discussed further in Section 6 . 4 .  

Overall, 

These estimates are shown in Table 6-2, and are 

pover Svstems R esearch. 

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 vas compiled over'an extended number of years. 

provides an insight into the total number of engine-driven products originally 

placed into service in North America. 

engine driven products produced in or imported to North America vhich are 

later exported. 

export records. 

The resulting data 

The data io adjusted by the number of 

This information is derived from U.S. Department of Commerce 

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 field research and have been compared to 

manufacturers speciffcations where possible. The life is expressed in 
horsepover hours for greater accuracy in estimating engine life. For each 
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- TaMe 6-2 

CIMA Estimates of 1987 California Equipment Population 
(Based on MacKay Study) 
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application and horsepower range, PSR established a normal number of operating, 

hours per year and an expected load factor of percentage of full rates load 

which is normally experienced in that application. 
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. 
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 still be in service after 23 years. This normal distribution of 

life expectancy is applied for every engine make, model, and application 

combination. 

For example, PSR has found 

If this engine has a design life at full output of 2,000 hours, 

This information allows PSR to calculate the number of engines in service at 

any specific time for which shipments records exist. 
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 aggregation of these 

The PSR aggregate estimates of construction equipment in use in California by 

equipment types are shown in Table 6-3. 

struction for 1987 is 127,336. 
type, region, and fuel type is provided as an attachment to this report. 

The sum of equipment used in con- 

A detailed PSR breakdown of equipment by year, 

6.4 COMPARISONS OF THE INVEN TORIES 

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- 
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Table 6-3 
PSR Estimates of 1988 California Diesel Equipment Population 
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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 HS-1 baseline 
estimate is 1680. 
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. 

provided, and has determined two primary reasons for the differences between 
the studies. 

Some of the.discrepancies may be due to definitional 

EEA has attempted to validate the estimates 

EEA believes that the ERT and 1988. CIHA estimates understate the actual 

population of construction equipment in California, because: 

Using 10 years as an average life appears to be low 

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

Average Lif e 

EEA considers CIHA'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 to 
contractors, rental agencies, and state and local agencies. 

The MacKay study presents the average life for each piece of equipment 

studied. 

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 HacKay study, several of the most 
numerous pieces of equipment. i.e. backhoe/loaders, skid steer loaders, and 

drum rollers/compactors, are given useful lives of 7 - 8 ,  7 - 8 .  and 7 years, 
respectively. 

ment inventory, and thus bring down the average significantly. 

When the average life across all types is calculated by weighting 

These equipment types are a significant portion of the equip- 
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Conversat iom vith seve ra l  equipment dea le r s  contacted revealed t h a t  the 
es t imates  of average l i f e  for.backhoe/loaders,  sk id / s t ee r  loader ,  and r o l -  

lers/compactors are very low, and t h a t  these p ieces  of equipment can last  i n  

the 12-20 year  range. 

equipment a f t e r  7-8  years, as the equipment is most usefu l  during the f i r s t  

f i v e  yea r s .  

longer be depreciated i n  an accounting sense.  

In  many cases ,  equipment is t raded i n  and so ld  as used 

Equipment is a l s o  o f t en  so ld  after f i v e  yearn because it can no 

There is a l a rge  market fo r  used equipment. 

small  companies, companies j u s t  s t a r t i n g  o u t ,  and by owner/operators ( r e f e r  t o  

Sect ion 7 ) .  According t o  one equipment dea le r  who dea l s  only i n  used equip- 

ment, h i s  company's f l e e t  c o n s i s t s  of equipment b u i l t  from 1965 t o  the  e a r l y  

1980's .  

This equipment is purchased by 

A survey of c o n t r a c t o r s ,  s t a t e  and l o c a l  agencies ,  and equipment r e n t a l  

agencies was conducted i n  the  Spring of 1988 by EEA. Inc .  

survey is shown i n  Figure 6 -1 .  
those ovners of backhoe/loaders and rollers/compactors who responded t o  the 

average l i f e  s e c t i o n  of the survey, the average l i f e  of a backhoe/loader is 10 

yea r s ,  and the average l i f e  of a roller/compactor is 9 years .  

reported the  average l i f e  of.equipment t o  be 15-20 yea r s ,  o the r  cont rac tors  

reported average equipment l i v e s  of 5 ,  7, o r  10 years across  the board. In 

these cases ,  the es t imates  appear t o  be t h e  number of years  con t r ac to r s  ovn 

equipment before  r e s a l e ,  and not  necessa r i ly  t h e  e n t i r e  u se fu l  l i f e  of the 

equipment. 

per iods of  time than p r i v a t e  con t r ac to r s ,  a s  these  agencies do not use 

equipment as f requent ly  and as in tens ive ly  a s  t h e i r  p r iva t e  counterpar t s .  

P r iva t e  con t r ac to r s  tend t o  replace equipment more f requent ly  than government 

agencies ,  poss ib ly  due t o  d i f f e r e n t  accounting procedures and/or g rea t e r  

Einancial  a b i l i t y .  

once i t  reaches a c e r t a i n  age i n  order  t o  maintain a new. modern f l e e t ,  a 

luxury not always a f forded  by a c i t y  o r  county agency. 

A copy of the 

Preliminary r e s u l t s  shov t h a t  according t o  

While many 

County and c i t y  governments tend t o  own equipment f o r  much longer 

For example, many companies replace a l l  equipment types 

The poin t  of r e s a l e  is 
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Figure 6-1 

Population Of Off-highway Diesel Construction Equipment 

TYPE OF CONTRACTINQ: 
(e.g. road building, slte preparation, underground work, bridges, etc) 
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generally when the equipment has been depreciated 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 ovned in California, increasing the average life from 

6-7 years to 10-12 years increases the calculated overall average life of 

construction equipment by several years. 

Based on the above information, EEA believes that the average life of con- 

struction equipment as an aggregate is approximately 13-15 years, and this 
number is used in Em’s calculations. 

California Share of the Total U . S .  Markef 

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. 

U.S. total. This compares to earlier CIMA/ERT estimates of 5%. These 

percentages appear to be quite low. as discussed below. 

Overall, CIMA’s equipment population amounts to 4% of the 

Table 6-cl  displays California’s shares of U.S. construction employment and 
business receipts for the 1977 and 1982 U.S. Census of Construction Activ- 
ities. In the 1977 survey, California construction firms amount to 9.88 of 

all U.S. construction firms, vith 9.9% of all construction employees, and 
13.7% of all construction receipts. 

9 . 8 % ,  10.3% and 13% of the number of U.S. construction firms, construction 
employees and total business receipts, respectively. In the heavy construc- 

cion 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 

The figures for 1982 vary slightly. vith 

- 
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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 construction 

activity. Based on this information, it is difficult to explain how Califor- 
nia could account for only b9 Of total U.S. construction equipment ownership. 
When it is assumed that California holds 109 of the U.S. market share for 
construction vehicles, the MacKay study’s U.S. totals translate into 120,000 
machines owned in California. 

127,000. 

This number compares well to PSR’s estimate of 

The above information enabled EEA to make a final check of the PSR estimate by 

using manufacturer’s estimates of U.S. sales per y e w .  Based on Department of 

Census records, manufacturers sell approximately 90,000 pieces of construction 

equipment domestically each year. 
an average life, and divided by 10 to calculate California’s market share, the 

inventory amounts to approximately 117-135 thousand machines. 

When this number is multiplied by 13-15 as 

6.5 THE EOUIPlIENT 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 accivity it vas 

possible to create a population growth rate for construction vehicles to 2000. 

The final step was to apply emissions factors to expected construction 

equipment population through 2000. 

Table 6-5 shows EEA’s projection of total construction activity to 2000. 

historical data for residential, non-residential, and heavy construction vas 

provided by the Construction Industry Research Board. 

residential and non-residential construction permit values vas available from 

the UCIA 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 activity. 
includes new construction of and renovations to single and multifamily 

The 

Forecast data for 

The residential building category 

6-14 



Table 6-5 
California Construction Trends to 2080 

Permit Valuation 

YEAR 

1 9 6 7  
1 9 6 8  
1 9 6 9  
1 9 7 0  
1 9 7 1  
1 9 7 2  
1 9 7 3  
1 9 7 4  
1 9 7 5  
1 9 7 6  
1 9 7 7  
1 9 7 8  
1 9 7 9  
1 9 8 0  
1 9 8 1  
1 9 8 2  
1 9 8 3  
1 9 8 4  
1 9 8 5  
1 9 8 6  
1 9 8 7  
1 9 8 8  
1 9 8 9  
1 9 9 0  
1 9 9 1  
1 9 9 2  
1 9 9 3  
1 9 9 4  
1 9 9 5  
1 9 9 6  
1 9 9 7  
1 9 9 8  
1 9 9 9  
2 0 0 0  

HEAVY 

5 8 3 0  
4 8 8 3  
5 6 6 2  
4 4 3 7  

. 3 4 7 6  
3 2 7 7  
3 4 8 5  
3 2 8 9  
2 3 5 1  
2 5 6 0  
2 2 4 9  
2 9 0 3  
2 8 6 1  
2 6 4 6  
2 9 9 4  
2 2 6 8  
2 5 3 4  
2 2 7 9  
3 5 4 4  
3 5 9 0  
3 3 8 5  
3 5 0 0  
3 5 0 0  
3 5 0 0  
3 5 0 0  
3 5 0 0  
3 5 0 0  
3 5 0 0  
3 5 0 0  
3 5 0 0  
3 5 0 0  
3 5 0 0  
3 5 0 0  
3 5 0 0  

llESIDENllAL 

2 0 9 1  
2 8 4 0  
3 1 4 8  
3 1 7 8  
4 5 2 6  
5 4 0 7  
4 8 9 2  
3 6 9 1  
4 5 2 5  
7 9 8 7  

1 0 4 9 4  
1 0 6 6 1  
1 0 7 8 9  

9 0 8 8  
7 4 8 6  
6 2 7 3  

1 1 8 2 8  
1 5 0 6 8  
1 7 8 0 7  
2 2 8 3 9  
2 2 1  0 7  
1 7 3 6 6  
1 8 1  8 3  
1 7 1 5 0  
1 7 8 2 7  
1 7 7 8 4  
1 7 1  79 
1 6 5 1 4  
1 6 0 9 0  
1 6 0 7 3  
1 6 0 8 0  
1 6 3 7 4  
1 7 1 1 0  
1 7 7 7 5  
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NON-RESIDEHIIAL 

1 8 7 7  
21  93 
2 5 3 1  
2 5 4 4  
2 9 7 7  
3 0 4 9  
3 2 3 3  
3 2 5 1  
3 1  06 
3 4 7 7  
4 7 1 4  
5 9 5 4  
7 2 9 1  
7 4 5 8  
8 8 2 2  
8 6 9 8  
9 9 1  1 

2 0 0 7  
2 5 3 2  
2 4 8 8  
2 8 7 5  
1 0 3 6  
1 4 3 0  
1 5 4 2  
1 7 6 9  
1 7 3 9  

1 1 5 3 7  
11 5 0 7  
11 5 5 1  
1 1 5 5 3  
1 1 6 1 6  
1 1  9 2 2  
1 2 4 4 3  
1 3 0 0 1  



structures. 
such as offices. stores, hotels, amusement and recreation facilities, parking 
garages and service stations, industrial buildings and hospitals. 

building or heavy construction includes the building of: streets and highways, 

bridges, sewerage and waste systems, electric power and heating systems, river 
and harbor flood control, water supply systems, and dams and reservoirs. 

Non-residential buildings are defined as commercial buildings 

Non- 

NO forecast data was available qor heavy construction; however, the general 
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 underlying assumptions are as follows. 
construction activity is generally a function of public expenditures on roads, 

dams, bridges, and utility 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. 

difficult to forecast, as private corporations do not usually disclose their 

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 activity 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 placed on gasoline which was ear-marked for road construction and 

maintenance. Second, the new administration headed by Governor Deukmejian has 
placed more emphasis on transportation matters than the previous admin- 

istration. 

that it will be constant at current levels through 2000. 

First, the magnitude of heavy 

Private sector heavy building is as equally 

For these reasons. the forecast for heavy construction activity is 
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Based on this information and the U C U  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 to 2000, construction activity, as assessed by permit valuations, 

remains stable at approximately $34 billion per year. 
- 

- 
6 . 6  THE Ell1 SSIONS FORECAST TO 2 OOQ 

The emissions inventory was calculated by assuming the following: - 
0 sales 

0 

0 usage as function of vintage 

0 load factor 

0 emission factors 

0 average horsepower 

scrappage rate as a function of vintage - 

- 

- 
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. 

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

~ 

Sales were projected at 5900 units/year for equipment over 50 HP - 

- Scramaee Rate was constructed from anecdotah h f  ormation, 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. 
are shown in Table 6-6. 
consistent with other estimates cited in this section. 

- 
Survival rates as a function of vintage 

The scrappage curve provides a mean life of 15 years - 

- I  
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Table 6-6 Ca l i fo rn ia  Heavy Construction Equipment Survival 
and Use Rates by Vintage 

Equipment 
VintaPe 

1 
2 
3 
4 
5 
6 
7 .  
8 
9 

10 
11 
12 
1 3  
14 
15 
16 
1 7  
18 
19 
20 
2 1  
22 
i 3  
24 
25 
26 
2 7  
28 
29 
30 

Equipment Survival 
Bare 
1.00 
0.98 
0.96 
0 .94  
0.92 
0.90 
0.88 
0.86 
0.84 
0 .80  
0.75 
0.70 
0.65 
0.60 
0.55 
0.50 
0.45 
0.40 
0.35 
0.30 
0.27 
0.24 
0 .21  
0.18 
0.15 
0.12 

. 0.09 
0.06 
0.04 
0.02 

Equipment Use - 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1300 
1200 
1100 
1000 
1000 
1000 
1000 
1000 
1000 
950 
900 
8 50 
800 
750 
700 
700 
700 
700 
700 
700 
700 
700 
700 

6-19 



Rates vere also derived from Qaec d o t d  information. Construction 

companies interviewed said that new equipment vas intensively used in the 

eight to ten years of its life. 

who typically 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 
then 20 years appear to be used 700-800 hrs/year about one-half the nev 
equipment usage of lb00-hrs per year. 

per year, consistent vith PSR estimates for equipment above 50 HP. 
rates as a function of vintage are also shown in Table 6-6. 

At that point it vas traded to a second owner 

Average use rate is about 1050 hours 

Usage 

Load FactOK vas assumed constant as it represents an operational elementnot 

correlated vith age. The load factor assumed is 0.55, consistent vith E U ’ s  

recommendation for the load factor on a modified test procedure for emissions 

certification. 

Emissions Factors are a subject of much contention. 
baseline used emission factors derived from the CAL/ERT study. 

based on manufacturer inputs vhich we understand varied widely. 

estimates seem unreasonably low in many cases - 9 out of 24 categories of 
equipment reported NO, emissions vel1 belov 10 g/BHP-hr, some as lov 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 

vere currently calibrated to achieve 6.0 g/BHP-hr. (The baseline dated to 
1979:vhen manufacturers claimed 6.0 g/BHP-hr was virtually unachievable.) 

Our estimates, based on information detailed in Section 4 for the major 

manufacturers also accounts for the improvements that have occurred due to 

increased penetration of turbocharging, low sac injectors, etc. in the 

construction equipment engine market. 

Table 6-7. We have also derived emission factors for Level I and Level I1 
control efforts. based on certification levels of on-highvay engines meeting 

equivalent standards. CO emission 

The original HS-1 

The study vas 

The CAL/ERT 

Assumed emission factors are s h o w  in 

The details are also shown in Table 6-7. 

. .  
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TABLE 6 - 7  

ENISSION FACTORS BY MODEL YWR 
(g/BHP-hr) 

Model Year 

Pre-1970 

19 70 - 19 74 

1975-1979 

1980-1984 

1985-1990 

(no control) 1991+ 

(Level I) 1991+ 

(Level 11) 1994+ 

1 . 8  

1 . 5  

1 . 4  

1 . 3  

1 . 2  

1 . 1  

0 . 8  

0 . 6  

JQL 

1 4 . 0  

1 3 . 0  

1 2 . 0  

1 1 . 0  

11 .0  

11 .0  

8 . 2  

5 . 2  

p a r t i c u l a t e  

0 . 7  

0 . 6  

0 . 5  

0 . 5  

0 . 5  

0 . 5  

0 . 6  

0 . 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 ( 2  15 percent). Total California inventories were obtained from ARE 

officials in Sacramento. 

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

a HC 35.91 tons/day (0.568) 

a NO, 301.03 tons/day (10.538) 

a Particulate 13.61 tons/day (0.238) 

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: 

a HC 27.42 tons/day (0.41%) 

a NO, 262.96 tons/day (8.908) 

a Particulate 11.91 tons/day (0.158) 

Contrary to expectations, the contribution of off-road construction equipment 

to total emissions 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: 

a HC reduced by 4.72 tons/day 

a NO, reduced by 47.22 tons/day 
a Particulate increased by 1.57 tons/day 

Under a scenario where Level I standards are introduced in 1991 and Level I1 
in 1994, benefits in 2000 over a no control scenario are: 

a 

a NO, reduced by 82.83 tons/day 
a 

HC reduced by 7.10 tons/day 

Particulate increased by 0.39 tons/day 

- . 
Percent of statewide inventory in parentheses. 
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In effect, Level I1 controls allow particulate to remain constant or unchanged 
from the base scenario, and illustrates the NO,/particulate tradeoffs. 
Figures 6-3 to 6-5 show the influence of no control, Level I and Level I1 
control on HC, NO, and particulate emissions respeccively. 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. 
percent compliance rate can be calculated by: 

Reductions of emissions with exemptions and at less than 100 

Actual reduction - Theore tical Reduction 
x ExemDt (BHP-hrl 

Total (BHP-hr) 

x Compliance Race 

.. Table 6 - 8  shows the BHP-hr distribution by equipment and HP category. 

table can be used as a guide to estimate the effect of exempting any specific 
category of engines or equipment from emission regulations. 

The 
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Table 64 
Total BHP-HR Inventory-For Off -Highway Diesel 

(Bllilont Of BHP-HRS) 

OTHER PAVING 

ROLLEWCOMPACTOR 

C W E  

EXCAVATOR 

TRENCHEWOITCHER 

INDUST. TRACTOR 

LOG SKIDOER 

GRADER 

OFF-HWY TRUCK 

SKIDSTEER LOXER 

SCRAPER 

TRACK LOADER 

CRAWLER TRACTOR 

WHEEL LOADER 

WHEEL WZER 

BACKHOE LOADER 

OUMPER 

FELLERleUNCHER 

TOTAL 

HP. 
<sa 
(41 

0 

13 

0 

24 

0 

30 

50 

53 

0 

0 

0 

66 

0 

NA 

30 

0 

0 

0 

19 

0 

29) 

H.P. 
5b120 
(Bs) 

lo8 

44 

11 

94 

29 

la 

6 

SB 

18D 

34 

0 

38 

24 

NA 

a 7  

Tw 

24 

602 

0 

0 

1879 

HP. 
1 s 2 4  
(1W 

165 

166 

52 

530 

97 

494 

16 

25 

434 

79 

92 

0 

t 37 

NA 

839 

899 

113 

32 

0 

344 

4317 
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H.P. 
240)80 

(360) 

11 

0 

65 

6 

31 

ISD 

0 

12 

0 

9 

358 

0 

85 

NA 

851 

546 

92 

0 

0 

178 

269( 

HP. 

(W 

0 

0 

11 

0 

29 

41 

0 

0 

0 

0 

44a 

0 

12 

NA 

216 

55 

50 

0 

0 

0 

074 

Total 

282 

139 

453 

186 

1141 

73 

148 

614 

12l 

891 

101 

ne 
0 

2183 

1793 

279 

654 

19 

519 
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7.  ECONOMIC RIPACTS 

7 . 1  

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. 

regulation are examined: 

ness. 

Two sets of effects caused by 
the impact on costs and the impact on competitive- 

The imposition of emissions standards on construction equipment will lead to 

fncreased costs of doing business for both the construction industry and 
equipment manufacturers. The construction industry may experience increases i n  

equipment purchase costs and fuel costs (due to reduced fuel economy), both of 

which lead to increased total project costs. The manufacturing industry may 

experience increases in R&D e,xpenses. expenses associated with certification 

and will require investment in additional facilities needed to certify 

engines. Engine unit costs can increage due to the addition of emission 

control components. These costs are determined and allocated between firms, 

consumers, and taxpayers. Certain 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 choices 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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m e  impact of potential regulations on the competitive atmosphere in the 

construction and manufacturing industries is also examined. Several examples 

o f  hov regulation might effect competitiveness are as follows. If regulations 
are imposed on all equipment sold in California (i.e. regulations are imposed 

on manufacturers who sell equipment in California), large national or interna- 

tional construction firms who could easily purchase or ship equipment from out 

of the Regulations 

may force some manufacturers who sell only a fev pieces 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 
(1.e.. the regulations are placed on contractors). out-of-state contractors 

may choose to withdraw from that market rather than purchase new equipment or 

retrofit existing equipment to meet California standards. 

state may have a cost advantage over locally based firms. 

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 industry. 

California mining, forestry, and agricultural operations are discussed in 

Section 7.4. 

turing industry. and competitiveness issues. 

Section 7.5 discusses the structure of the equipment manufac- 

7 . 2  BZTH ODOLOCY 

In order to determine the effects of regulation on the construction industry, 

the analysis vas divided into several phases. 

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 integrated to formulate an understanding of how increased 

costs might affect not only the industry as a whole, but also individual 

First, it was necessary to 

firms, consumers and taxpayers. 
- 
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The economic analysis of the manufacturing industry also consisted of w o  

phases. 

California and the share of their 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 R6D expenses. 

Estimated cost increases to manufacturers were used in calculating the 

increase in costs to the manufacturing industry. The following section 
discusses these procedures in greater detail. 

First, it was necessary to determine the manufacturers selling in 

7.2.1 California Construction Ind ustry 

In studying potential effects on the construction industry. it is important to 

understand the past economic trends of the industry as a whole and within 
different types of construction activities. This information provides insight 

into vhether 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. 

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 (i.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. 

done by firms which specialize in such projects. 

These types of projects were selected because they were either 

Most of this work is 
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For these reasons, interviews vere conducted with three California contractors 

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 Hayvard. These contractors are members of the 

Associated General Contractors of California (ACCC). 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 vel1 as anecdotal information on the characteristics of the 

industry. Lov, medium and high cost increase scenarios were developed and 
applied to a number of equipment types to determine the range of regulatory 

impacts. If cost increases vere less than 2%. then the effects of regulation 

are considered to be negligible. Cost increases in the 2-101 are of concern, 

and regulations which vould create cost increases in this range should be 
modified to minimize negative impacts. The impact of regulation vere deter- 

mined to be of significant concern if equipment costs rise by cen percent or 
more. 

7.2.2 Eauiument and Engine ll anufacturinu In dustry 

To conduct an analysis of the impacts of the regulation of California 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. 

market for construction equipment, the impacts on the industry as a whole are 
somewhat limited. As described in Section 2, it vas determined that 5 or 6 

engine manufacturers account for a majority of the sales but'dozens of smaller 

ones have very low sales volumes in California. 

Because California is only part of a worldwide 

Increases in RhD costs and costs associated with the need for nev or improved 

dynamometer facilities and certification vere estimated, and calculated as a 
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percentage of typical R6D costs and net revenues of the major manufacturing 

firms, to determine quantitatively the increased costs to the manufacturing 
industry. 

reports supplied by the manufacturers. Again, cost increases were evaluated 
by the criterion set forth above: less than two percent increases were seen to 

be negligible, two to ten percent increases raised cautionary flags, and 
increases greater than ten percent were seen as significant. 

Data on.annua1 sales and operating expenses were taken from annual 

7 . 2 . 3  Data Sourcep 

The information needed to undertake this study was gathered both anecdotally 

and quantitatively. 
publicly available data on both the U.S. and California construction 
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 existed, such as the general 

structure and practices of the industry. 
which to make judgments as to the behavior of equipment-using industries. 

the scope of this project is very broad, in that regulations would potentially 
affect all industries which use off-highway construction equipment. anecdocal 

information about a broad range of topics gathered from conversations with 

contractors and industry representatives made it possible to determine which 

areas should be studied extensively, and which areas did not need as much 

emphasis. 

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 (ACCC) and individual contractors. 

Because of time constraints and the lack of precise, 

This combination provided a basis on 

As 

Most of the economic data was gathered from the 1982 U.S. Census o f  

7 . 3  T- s c  

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 vhich are used through- 

out this study. This examination vas used to: 

a Identify firms which vi11 be affected by regulations, i.e., which 
sectors of the construction economy will be directly affected, 
and who is likely to absorb the costs 

0 Analyze equipment buying patterns and usage, such as the sale and 
resale of COnStNCtiOn 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 

problems resulting from interstatefiorder county trade 

0 

0 Develop an understanding of potential regulatory and competitive 

Determine enforcement needs and methods 

Section 7.3.1 discusses the expected future trends in the California construc- 

tion economy, Section 7.3.2 discusses several construction project categories 

examined for cost impacts. Project cost structures and competitiveness issues 
are discussed in 7.3.3 and 7.3.6. 

7.3.1 =end s in the Constru ction Economq 

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 

Business Forecast for C a l w  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 building permits are 
expected to decline slightly throughout the 1990s but recover slightly by 
2000: 

activities are: 
Some of the reasons for slov or negative grovth in these construction 
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slover income grovth 
higher mortgage rates 

slover population grovth 
movement away from a goods-producing economy towards a services- 
oriented economy 

current excess capacity of non-residential structures, 

the proliferation of building restrictions and moratoriums on 
grovth. 

It is reasonable to assume that nearly stable construction activity vi11 
result in a constant level of equipment usage and fleet size in the future. 

Since this study focuses on heavy construction activities, it is appropriate 
to discuss the role of heavy construction in the California construction 

economy. The most recent Census of Construction Industries reported that 

heavy construction and general contracting firms amount to 

number of California construction firms. 

firms employ 13% of the construction employees in California. 
awards won by these firms constitute 10% of total permit valuation in Califor- 
nia during 1986 and 1987. and 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. 

4% of the total 

Non-buildingheavy construction 

The contract 

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. 

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. 
is found primarily in the building of roads, dams, and bridges, and in 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. 

While heavy equipment is used in 

Since most of the heavy equipment use 
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1 . 3 . 2  Selected Construction Catenorieq 

In designing this study, five construction categories were designated as areas 

where cost impacts would be analyzed: 
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. 

Commercial building. residential 

The following is a discussion of each of 

these categories. c 

Residential/Commercia~ Building 

While there is a great deal of commercial building 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. Host of the actua1 
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 grading 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. 
building, much of the equipment used in the 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. vho are 

expected to pass costs increases on to developers. 

development projects. such as the hillside developments in the Los Angeles 

area, use heavy equipment extensively. 

As with commercial 

Large. earth moving land 
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Fiblic Vorks Protect4 

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 additional sources of tax revenue. 

The building 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. 

parts of the state. As road building decreases, it seems likely that bridge 

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

Double-decker freeways are being considered in some 

The congested traffic in most of the state’s major cities has led to the 

planning and building of rapid transit systems, such as the Sacramento Light 

Rail System and the Long Beach Rail. This was seen as a possible area where 

heavy equipment use may be growing. 

heavy earth moving. such as runneling 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. 

In some cases these projects require 

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. 

Utilities 

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 firas. However. these facilities have.ongoing use for 
equipment in their daily operations, such as digging trenches and laying 

cab1 _ ,  

i-ies: telephone companies and electric utilities erect poles for transmission 

iiires vhile gas companies must dig trenches to put in pipelines. 

cquipment required for these activities is smaller than 50 HP, and would not 

Ea11 under proposed CARB regulations. For example. Pacific Gas and Electric 

i:i San Francisco indicated that of over one hundred pieces of self-propelled, 

diesel vehicles in i ts  fleet nor already licensed for street use (which 

comprise less than one percent of the utility's total vehicles and equipment). 

::Jne were greater than fffty horsepower. Therefore, it does not appear that 

regu1a:ions would significantly affect this sector. 

The types of equipment-using activities vary across types of util- 

Huch of the 

:rate and Local Governments 

Each of the 5d counties and 445 cities in California own off-road equipment 

f o r  road mainrenance and for emergency situations such as flood control and 

5row r .?c . r~:al .  in Addition to equipment owned by local governments, CALTRANS 
o m s  over nine hundred pieces of diesel off-highway equipment which are over 

.5:) t i p .  

assessed, but could amount to several thousands. 

- 

- 

The total number of vehicles ovned by these agencies has not y,et been - 

EEA is conducting a mail-in 

5uney oE 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 ovned 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 E U  of State and Local public works departments and 
private contractors indicates that government agencies on average own their 

equipment longer 'than private contractors as they have lov 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 psolect Cost Structure* 

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 equipment users; therefore, 

equipment costs as well as the usage patterns and buying decisions of equip- 

ment users must be understood in order to determine the total impact on 

projects costs and on the industry, consumers and taxpayers as a whole. 

Some of the information used here is anecdotal in nature, gathered from 

conversations with contractors and industry groups. 

typical construction projects were supplied by contractors. 
were furnished by contractors, equipment dealers, and rental agencies. The 

analysis of project cost structures is divided into several parts. First, the 

equipment usage and buying patterns of contractors are examined. Second, 

equipment cost increases under three regulatory scenarios (lov, 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. 

Project cost figures for 

Equipment costs 

Eauiument Buvfnu P atterns Nsapp 

The importance of investigating the equipment buying patterns and usage of 

contractors is twofold. 

particular brands of equipment, or to rent rather than purchase certain pieces 
Understanding what motivates contractors to buy 
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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 e firm to 
own 75-850 of its off-highway construction equipment while renting the 

remaining 15-250 of the equipment used in its projects. 

firms tend t o  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. 
a matter of equipment utilization: it is not cost-effective to purchase 

equipment which is not used on a regular basis. 

As a rule, larger 

The decision to rent or own equipment is 

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 

3 5  equipment. Service is more important than price because "down time" in the 

Construction industry is extremely expensive. 

cited as a factor in purchasing decisions. because contractors did not feel 

that there are significant differences between equipment brands in terms of 

Euel economy. In addition, the fuel costs are tracked only at an aggregate 

1 c *:e i , and contractors cannot typically distinguish between small fuel economy 

differences of less than 5 percent. These facts are important in a regulatory 
sinse since price increases and decreased fuel efficiency may occur when 

engines are upgraded to meet emissions requirements. 

Equipment fuel economy was not 

To fill gaps in their equipment fleets, firms rent equipment either from 
rental companies or from ovner/operators. 

regarding equipment rental agencies. 
There is little data available 

According to Associated Equipment 
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oistributors, vho represent firms which rent, sell, service and supply parts 

for heavy construction equipment (but not firms that only rent, sell 
service) there may be as many as 250 equipment dealers in California who sell 
or rent new or used equipment. 

known, nor is the total amount of equipment in the rental fleet. 
The precise number of rental dealers is not 

Owner operators are individuals, often without contractors licenses, who move 

from site to site offering their equipment services. 

backhoes, graders, skip loaders and other small to medium sized pieces of 
equipment, and fill voids in larger companies' fleets. It is unknovn how many 

ovner/operators are working in California. but is 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. 

These businessmen own 

Eauiument Costs 

The costs of off-road construction equipment vary greatly across equipment 

types and sizes. 
construction.vehicles. The table also shows maximum first cost increases 

under the three regulatory scenarios considered. 

the maximum costs are $100..$1000, and $ 2 5 0 0 .  The costs applied to equipment 
in the 120-260 horse power range are $100, $1000. and $3750. For the largest 

category, engines over 240 HP. the costs increases are $100, $1000, and $ 5 0 0 0 .  

Note even that under the highest cost (Level 111) scenario when costs were 

imposed on the smallest pieces of equipment (the "worst case scenario"), the 

increase in price for any piece of equipment is less than five percent. Since 
€EA is recommending that the Level 111 regulations be reconsidered in 
1991/1992. the economic impact provides further justification for reconsid- 

eration before imposition of these standards. In all cases, cost increases 

amount to less than under Level I and Level I1 regulacory scenarios. 

Table 7-1 lists purchasing costs for a range of off-highway 

For vehicles under 120 HP, 

- 
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I f  a l l  equipment owners face  the same changes i n  p r i c e ,  then no firm has a 

competitive advantage over o t h e r s .  

o r  o u t - o f - s t a t e  firms buying equipment from outsfde Ca l i fo rn ia  the s t a t e  a t  a 

cheaper cost is introduced that the competit ive balance is dis turbed .  This 
p o s s i b i l i t y  is discussed i n  more d e t a i l  i n  Sect ion 7 . 5 .  

I t  is only when the p o s s i b f l i t y  of l o c a l  

f r o l e c t  Cost Brsakdonlp 

Table 7 - 2  shows the labor ,  mater ia l  and equipment breakdown f o r  an example of  

an e a r t h  moving p r o j e c t .  This data  was contr ibuted by one of the cont rac tors  

intervieved.  and is a " typica l"  cos t  breakdown f o r  t h a t  type of p r o j e c t .  The 

cont rac tors  contacted genera l ly  agreed t h a t  equipment c o s t s  as a percentage of 

t o t a l  p ro j ec t  c o s t s  vary according t o  t h e  na ture  of the j o b ;  however. t h i r t y  

percent is a reasonable es t imate  f o r  the average e a r t h  moving j o b .  I t  should 

be remembered t h a t  the s i t e  prepars t ion .  e t c . ,  is only one s t a g e  i n  the toea1 

bui lding process.  thereby reducing the r o l e  of heavy equipment i n  ac tua l  toral 
pro jec t  c o s t s .  I t  is l i k e l y  t h a t  i f  equipment c o s t s  increase ,  t h e  l a r g e s t  

impact on t o t a l  c o s t s  w i l l  be a 3% increase i n  an area  which c o n s t i t u t e s  only 

1 / 3  of  t o t a l  p ro j ec t  c o s t s  ( i . e . .  a 1% increase i n  t o t a l  p ro j ec t  c o s t s ) .  

As noted previous ly ,  f u e l  economy is not  considered a f a c t o r  i n  equipment 

purchasing dec is ions .  Typical f u e l  c o s t s ,  shown in Table 7 - 2 ,  i n  the 

example p ro jec t  amount t o  6 %  of t o t a l  p r o j e c t  c o s t s .  Fuel c o s t  increases due 

t o  engine r e c a l i b r a t i o n  a re  expected t o  be i n  the 2 - 3 9  range, o r  l e s s  than 

0 . 2 %  of t o t a l  p ro j ec t  c o s t s .  

pre-chamber type systems, the impact on t o t a l  p ro jec t  c o s t s  i s  l e s s  than 1 

percent .  

Even i n  the cases  where engines a r e  converted t o  

In  heavy cons t ruc t ion  p ro jec t s  such as  road bui ld ing ,  where che p ro jec t s  

c o n s i s t  pr imari ly  of paving, grading. and/or excavating a c t i v i t i e s ,  the r o l e  

o f  equipment c o s t s  is more predominant. For t h i s  reason, road bui ld ing  has 

been chosen t o  be used as an example of the h ighes t  possible  c o s t  increase .  

Table 7-3 shows l a b o r ,  equipment, and ma te r i a l  breakdowns f o r  s e v e r a l  heavy 
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Table 7-2 

Cost Breakdown Of A Typical Site Preparation Project - 

Labor 
Equipme3 
Material 
Mist 
Total 

Equipme3 
Fuel. Oil and Grease 
MalnteMnce 
other 

Total 

Source: Teichert Construuction 

cab 
519om.w 
S213,6w.W 
a94.1w.w 
u8.1w.w 

5726.6w.w 
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construction activities. These figures are taken from b a n s  H e a w  Constru C -  
tion Cost Data 1988. which is used by estimators in the construction industry 

when bidding for jobs .  

cases greater than fifty percent of the total costs. 

increase scenario as shown in Table 7-1 is applied to a project whose total 

costs consist of 80% equipment costs, such as a large road building project 

using high horse pover equipment, the 2-30 expected increase in equipment 
costs will result in a 1.6 to 2.49 increase in total project costs. Across 

all construction 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 100 of total project costs, and equipment 

cost increases of 2% vi11 result in a 0.28 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. 

The percentages displayed in Table 7-3 are in many 
If the highest cost 

7.3.4 Comuetitiveness 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 tvo major concerns. 

First. out-of-state contractors or contractors shat buy equipment from outside 

California might have a competitive advantage over California contractors as a 

result of the proposed regulations. 
contractors, if videspread. may lessen the effectiveness of emissions restric- 
tions on off-highvay vehicles. The discussion of these issues divides into 

two topics: the scope of construction vork done in border counties, and the 

transportation of equipment across state lines. 

Second, that the existence of these 
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Table 7-3 

Labor, Material And Equipment CostsAs A Percentage Of 
Total Costs For Selected Construction Activities 

Excavating, bulkdozer, 
open site. WhaJ 
mmmm earth 

Paving. prepare M I  rdl subbase 
small areas to 2 9 0  s.y. 

Paving. base mi lor roadways. 
large paved amas-314' done 
compaaedto6-deep 

5% 5% 

aox 8ox 

-. 

4% 53% 

Source: Means Heavy Construction Cost Data 1988 



Regulations placed on construction equipment may cause some contractors to 

have a competitive advantage 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 choose to exit the market rather than buy equipment that meets 

California emissions standards. 

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. 

The following is a discussion of three issues 

Border Counties 

Industry contacts reported that there is very little heavy construction work 
be'ing done in the border counties of California. 
data was gathered from the January 1988 R eview, 
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 

shovn in Figure 7-1 and are as folfovs: Del Norte. Siskiyou, Alpine, El 
Dorado, Imperial, Inyo. Lassen, Modoc, Mono, Nevada, Placer, Riverside, San 

Bernardino. Sierra and Sen Diego. 

Riverside County and San Diego County, all of which contain large Metropolitan 
areas, are removed from the calculations, total construction permit values in 

the remaining 12 border counties drop6 to 3% of state totals for total 
building valuation. 

To Support these claims, 

When the values for San Bernardino County, 

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 811. Moreover. concerns regarding the videspread 

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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Out-of-State Contr actor* 

According to industry sources, out-of-state Contractors account for only 

percent of the total dollar value of construction work done in California. 

Generally, out-of-state firms enter the California market for large, special-' 
ired. and/or long-term projects such as off-shore oil projects or dams. 
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. 
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. 

2 - 5  

In 

This situation is influenced by licensing 

Because of moving costs, legal requirements, and the corporate taxes that must 
be filed in California, out-of-state contractors find it economical to bid on 

several j o b s  vithin the state rather than just one. 

nationals or internationals who wish to enter the California market find ic 
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. 

Firms such as large 

Eouiument Movemen< 

Host contractors buy new equipment from California dealers, but some buy 

equipment from out-of-state dealers if there is a significant price differ- 
ential. 

parts supply were the most important factor in purchasing equipment, rather 
than purchasing costs or fuel economy. 

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 

The contractors contacted agreed unanimously that dealer support and 

Contractors reported that buying from 
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equipment by only 2 - 3 r ,  then there would be no price advantage to buying 

equipment from other states. 

When 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. 

dealers, the cost of transporting 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-$3,000. 
job could be extremely expensive. However. some contractors and rental 

agencies contacted stated that if a firm ovns their fleet, it may be more 

sensible t o  utilize equipment in which they have already invested their money 

rather than to spend resources on rental equipment. 

If equipment is purchased from non-local 

To relocate all the equipment needed for a 

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 specialized 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. 

be greater than the cost of .transporting a company's fleet to the site. 
For long-term projects, the cost of renting locally may 

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. 

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. 

However, as these firms constitute only 
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7 . 6  H I N I N C .  PO-Y AND AGRICULTURE I N  C A L I F O W  

The purpose of this section is to briefly describe the amount of mining, 
forestry, and agriculture activity in California, and the types of equipment 
used in these activities. 

towards these sectors, each may be affected due to the use of certain types of 

equipment. 
backhoes, loaders, tractors, and haulers, are used extensively in these non- 

construction activities. 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. 

Although proposed regulation are not directed 

Some of the equipment used in construction activities, such as 

w 
The California mining industry accounts for approximately 5% of the total U.S. 
mining value of shipments. 

the oil and gas extraction 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. 

Seventy-eight percent of this is contributed by 

Heavy equipment is used in rhe industry 

The equipment types used most predominately in the mining industry are large 

off-highway trucks, as shovn 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, mining, materials handling, government, utilities, and other 
categories. The "other" category includes agriculture, logging, and manufac- 

turing. 
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. 

The purpose of and methodology used in this survey are discussed in 
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Ownership Distribution Of Selected Eqzipment Tyges 
By End-User Category' 
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&&ulture/F- 

California represents less than 4% of the total number of farms in the U.S. 

From 1950 to the present, the number of farma 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 numerous. eighty-five percent of all skid-steer loaders sold in the U.S. 
are under 50 HP, and would not fall under proposed regulations. Hovever, 

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) 
vould not be felt by farmers for several years. In addition. any initial cost 

increases may or may not affect resale prices 6 to 9 years d o n  the road. 
This information suggests that the impact of emission reg~lations on farming 

will be very small. Of course, for that small fraction of farmers that do buy 
new equipment such as skid-steer loaders, or backhoes, vitt. engines 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. 
equipment, such as feller bunchers and log skidders.. might be exempted from 

emissions regulations in order to prevent undue hardship on the forestry 

industry. 

EEA suggests that certain pieces of 

Used primarily in logging operation. 
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7 . 5  ENGINE EOUIPWEN? UANUFA C TUR ING IND VSTRX 

Our analysis of technology in Section 4 shoved that under Level I and Level I1 
emissions scenarios, it i s  the engine manufacturer who is principally 

affected. 
engine to a turbocharged one, due to the imposition of Level I1 standards, the 
equipment manufacturer is also affected. but such cases ars likely to occur in 

only 10 percent of the new equipment fleet. The lead ti:- recommendation for 

level I1 standards is 5 years. which also is typical of tne design life cycle 

for equipment. Hence, it provides adequate time for equipment manufacturers 

to react to changes in engines. 

In some instances, as in conversion'from a naturally aspirated 

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. Ths w x t  set of manufac- 

curers such as Deutz. Komatsu. IH and Perkins probably account for 25 to 30 

percent of the engines sold. 
another 14 or 15 manufacturers each with market shares ir. ;ne 0.5 percent to 2 
percent range. In absolute terms, each percent of the msricet is 50 to 70 unit 

sales. 

The remaining 20 percent is divided among 

Engine manufacturers face the following costs to bring cnd engines into 

compliance: 

component costs for emission control 

certification costs  

liability associated with recall 

investment in new test facilities. 

development costs to bring each engine family into compliance 

Of these costs, all except component costs (discussed in Section 4 )  are fixed 
coscs dependent on the number of engine families being cerzified, but not on 

sales volume. Moreover, research and development costs arc  typically expensed 

L 

. 
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by all manufacturers, and, therefore, not associated Viih costs applied to a 
specific engine line. 

The economic impact analysis is very sensitive to thhe regulations employed in 
California. 
They are: 

Three specific suggestions were provided to ARB in Section 5. 

a "carry over" of certification of engines certified to equivalent on- 
highvay standards 

the deletion of the requirement for a durability test 
a low sales volume exemption for up to three angine families of a specific 
manufacturer whose sales are less than 10 units/year. 

Our economic impact analysis assumes that ARB will implemerrc tnese or similar 
suggestions to estimate the total compliance burdens. 

In order to develop an estimate of engine families. we ,xed the information on 

the types of engines sold (show in Section 4) by engine manufacturer. As an 
example, Caterpillar offers five different series of engines, 3110, 3200,3300, 

3400 and 3500. 

aspirated (NA) turbocharged (T) and turbocharged/aftercooled (TA) versions 
except for the 3400/3500 series where no naturally aspira:ed versions would be 

offered. 

to on-highway equivalent standards for Level 11: the 3112 NA, 3300 NA, 3300 
T. 3400 T, 3500 T and 3500 TA. 
sales volume applications. and would probably qualify for -he low volume 

exemption as two engine families 3500 T and 3500 TA. 

engine families for certification to California off-highway standards. 

carry over of 1986-1990 HDT cercification would mean that many off-highway 
engines will meet Level I1 standards even in 1991/1992 tc reduce certification 

We assumed that each engine could be offered in naturally 

Of these, only the following engine families woaid not be certified 

The 3500 series is used or. relatively low 

Tnis would leave only 4 

The 

. costs. 

. Manufacturer comments on the draft report were not in agreement as they 
believed that number of cylinders would also be a disiinguishing factor, 
leading to more "families" than anticipated by EEA.  
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Table 7-5 shows the possible certification Strategy ur.tiei- California regula- 

tions which allows 3 exempted engine families per manufacr&-er with sales less 
than 10 units per year, and carry-over certification of a;.-highway engines 
certified to Federal 1990 heavy-duty diesel standards. 
"families" is estimated at 96. In contrast, the CAL/E::T siudy presented data 

that (on the basis of €EA analysis) indicates a total GP 230 "families." , I t  

is believed that the CAL/ERT study classified each HP rL.:zg as a different 

T;is total number of 

-. 

"family" whereas the EEA family covers several HP ratir.;s. Typically. each ~. . 

also true for on-highway engine families). At 3 ratings ?cr EEA "family," the .. 

engine family covers 2 to 4 different ratings of horsepowez and RPH (chis is 

EEA estimate (96x3) is closely comparable to the CAL/ERT szudy estimate of 280 

families. In their comments, the engine manufacturers did not agree vith this 

analysis. Their response stated that the CAL/ERT stuiy  sad EPA-designated 

classifications, but the response provided no document,,;on of the 280 

families estimate. .- 

Certification costs are directly proportional to the numbc: of engine 

families. 

families will be certified for the off-highway market uniquely. 

however, will be the high sales volume units. 

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

As can be seen from Table 7 - 5 .  EEA anticipates rnat only 34 engine 

These, 

Based 2:. ::.- cistribution of 

exempt families 

families certified to off-highway standards 

families certified to an-highway standards 

Total Sales 

4,000 

1,500 

300 
5,800 

Thus. each certified family will sell 120 units per yzar J T ~  average. 

likely to be considerable variance from the average. 

selling 20 to 50 units per year may attempt to consolidata their engine 

families or leave the California market altogether. 
families. EEA anticipates that 10 families may be in this psition. and 

There is 

However, manufacturers 

Of the 90 to 100 
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TABLE 7 - 5  

POTENTIAL OFF-HIGHWAY FAKILIES 
CERTIFICATION STRATEGY 

On-Highway Off-Highway 
Uanufactua - Cerrffied Certified 

Domes t if 

Caterpillar 

Cummins 

DDA 

Deere 

IH 

Foreinn 

Komatsu 

Deutz 

Perkins 

All Others 

13 

i 3  
8 

8 

4 

13 

7 

4 

0 

2 

1 

4 - 

3 

3 

3 

14 - 

10 

2 

0 

TOTAL 96 
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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. 

certification cost of $22,000 per family, covering two HP ratings (the highest 
and lowest). 

transient test and it is possible that a steady-state tesc u;;i be cheaper, 

They have quoted a 

.. 
The South-West Research figure vas cited by Dseze for the 

- 

Paperwork costs were estimated at $2,500 ?er family by the CAL/ERT study. 
Total 

EEA 

has allocated $3000 per family to adjust for effects of inflation. - 
certification costs are: 

Paperwork 96 x 3,000 

Certification test 34 x 22,000 

Total 

- $288.000 - $748.000 - $1,036,000 -- 

Development costs were estimated as follows by the CAL/ERT study. 

Level I standards, the study estimated a team of one engineer and two tech- 

nicians would require six months to bring the engine intc compliance. Em's 

To meet 

study of the manufacturers reveals that most manufacturers &re already capable 

required to three months to check and optimize fuel injection pump timing. 

- 

of certifying to Level I standards, and we have reduced the avrrhge time 
- 

The cost per year of the team, adjusted for inflation is $210,00O/year based 
on the CAL/ERT study. Thus, the cost per certified family is $52,000, for a 

total cost $1.785.000 for the 36 certified families. If the CAL/ERT estimates 
on the total number of families is more appropriate, cost5 will be three times 
as high, i.e.. about $6 million. 

The R&D to meet Level 11 standards will vary greatly by manufacturer. Cummins - 
and Caterpillar already have extensive knowledge of technology to attain this 

standard. while Deere may require substantial R6D 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 R6D effort for Level I1 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 111 standards it is 
difficulc 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- 

ment. 

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. 

may need to add one or two facilities each to certify :aur 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. 

supporting certification and development of one engine fzily according to the 

CAL/ERT study. Given excess capacity, EEA believes that approximately 12 
facilities will be added worldwide to certify the 34 ak-cional 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. 

Cumins =nd Caterpillar 

Each facility is capable of 

At the individual manufacturer level, an example of a manufacturer certifying 

h families for the off-highway California market is as follows, assuming one 
new dynamometer facility is added. 
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C e r t i f i c a t i o n  cos t :  $ 100,000 

0 Development c o s t  (Level 11): $ 8*0,000 
Annual cast of one dyno-fac i l i ty :  $ 220,000 
Papework (13 f a m i l i e s ) :  s 39.000 

Total  Cost: $1,199,000 

-- 
Thus, the annual increased burden i n  any one year is on the order  of $1.2 

m i l l i o n .  I n  c o n t r a s t ,  the t o t a l  1986 R6D budget f o r  Cummins was $125 m i l l i o n ,  

Komatsu w a s  $184 mil l ion .  Deere was $226 mil l ion  and C a t e q i l l a r  vas $308 

m i l l i o n .  These expenses therefore  amount t o  no more than 1 percent  of the R&D 

budget f o r  the major companies. The s i z e  of t h e  R6D butge; f o r  o the r  manufac- 

t u r e r s  such a s  I H .  Deutz, DDA and Perkins is a l s o  very i a r g e  r e l a t i v e  t o  t h e  

annual expenses incur red  i n  meeting Ca l i fo rn ia  s tandarcs .  Again, i f  the 

number of f ami l i e s  is much l a r g e r  a s  suggested by the Engine Manufacturers 

Associat ion,  t h r e e  dyno f a c i l i t i e s  would be needed, and t h e  manufacturer would 

c e r t i f y  12 families in  t h i s  example, so tha t  total  costs w i l l  be approximately 

$ 3 . 6  mi l l ion .  

- 

- 

- 

Assuming t h a t  a given s e t  of standards a re  i n  place f o r  th ree  years a t  l e a s t  

and the c e r t i f i c a t i o n  and RhD expenses can be assoc ia ted  with three  years 

follows: - 

- 
worth of s a l e s  volume. the c o t a l  annual expenses f o r  a l l  manufacturers a r e  as  

C e r t i f i c a t i o n  c o s t s  

R6D Costs (Level 11) 

0 F a c i l i t y  Costs 

Tota l  Costs 

$ 5&S,300/yr 

.j 2,380.000/yr 

$ 2,6&0.000/yr 

$ 5,365,000/yr 

The volume of  c e r t i f i e d  engines is estimated t o  be 4000 u n i t s  per  year .  

Hence. the n e t  burden of R6D and c e r t i f i c a t i o n  t o  meet Level I1 standards is 

$1,350, a very s i g n i f i c a n t  sum. 

- 

If the number of fami1:zs is much l a r g e r ,  a s  

-. 
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claimed by EMA. the net burden would be about $4,000 per engine. 

the variable cost of $240 per engine is a much smaller amount. 
I n  contrast, 

It is not clear that California cuscomers will be paying the fixed cost burden 

of $1,350, as R6D costs, facility costs and cercification costs are expenses 
from an overhead pool. 

engines, the unit cost burden associaeed vith fixed costs will fall by a 

factor of 10. Although fixed costs are presented here, its use in a cost 

benefic analysis for Caiifornia is not clear, if California customers are not 
paying for such costs. The E M ' S  suggestion that there vould be three times 

as many families does not appear realistic. and no documentation was provided 
to support such an estinate. The issue of separate cercification families for 

engines that vary only by number of cylinders, but are othervise equivalent in 

displacement/cylinder. aspiration. and fuel injection is important for 

transient cycle emissions, but much less for steady-state cycles. ARB 
?emission to merge across engines differing only in number of cylinders into 

m e  family would reduce costs to levels indicated by E S ' s  analysis. Even if 
this is n o t  the case, we expect the total number of families to increase to 

about 125 (from 96) with "off-highway certified" to about 45. "exempt" to 
shout C l j  and "on-highway certified" to 35. The costs vouid tnerefore be 

significantly Less than those estimated by W. ARB can request manufacturers 
ta provide details on the number of families and sales volume to obtain a more 

accilra:e cost estimate. 

Noreover. if EPA enacts standards for off-highway 
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8 .  AIR QUALITY ANALYSIS 

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. Given that there are only about 125,000 construction 

machines in comparison to a total on-highway fleet of 15,000,000 vehicles in 
California, it can be anticipated that the impact on air quaiity 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 dovnwind of 

construction sites where emission impacts of construction machinery are likely 
to be the highest. Two different construction site situations &re 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 air quality levels in the vicinity of the 

construction sites. 

The complexities of modeling the effects of NOx and HC contra1 on regional air 
quality and ozone prevented an extensive or rigorous ar.-l:rs:s. ;(ather, the 

concepts embodied in the Empirical Kinetic Modeling P.p>:oach f o r  an urban area 

like Los Angeles were utilized to provide an approximate estiute of regional 

air quality effects. 

8 . 2  MICROSCALE MODELING 

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

steady-state assumptions. The algorithm can be used for estimating concentra- . 



tions of non-reactive pollutants at 30 receptors for averaging times of from 1 

to 21r hours, and for a limited number of point, area, and line sources (30 of 
each type). 
ological data required &re wind direction, wind speed, stability class, and 

mixing height. 
representative for the area modeled. 

changes in these parameters is presented in the analysis, though. Appendix B 

provides some modeling details on PAL. 

Calculations are performed for each hour. The hourly meteor- 

Single values of each of these four parameters are assumed 

The sensitivity of model results to 

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 airports. 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. 

because it is believed to be more appropriate for modeling both residential 

construction sites and highways than any of the preferred air quality models 

It has been chosen for application in this study 

The air quality imjacts of hydrocarbons (HC). NO,, and particulaies from heavy 

duty construction equipment were evaluated using the PAL dispersion model. 
The attributes that make this a desirable model to use for evaluating the air 

quality impacts of this type source were described earlier. Two different 

construcclon situations were modeled. First, developmen; 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. 

.. 

.- 

... 

_. 



8.2.1 Ares Sourc e Modeling 

The two d i f f e r e n t  physical  configurat ions f o r  the subdivision modeling a r e  

shown i n  Figures 8-1 and 8 - 2 .  

configuracion number 1 (Figure 8-1) vas or ien ted  alon& che southern boundary 

of the subdivis ion and was confined co the southernmost s i x  l o t s . '  I n  con- 

f igura t ion  number 2 (Figure 8 - 2 )  the  a r e a  source encompassed 5 l o t s  or iented 

north-south and located approximately i n  the center  of the t o t a l  subdivision 

These f i g u r e s  show t h a t  the a rea  source i n  

Source s t rengths  f o r  each area were determined by summing the H C ,  NO,, and 

p a r t i c u l a t e  emissions from each piece o f  heavy duty co r s t ruc t ion  equipment and 

dividing the t o t a l  by the t o t a l  a rea  over which the equipment vas operated (6 

and 5 l o t s  f o r  a rea  source configurat ions 1 and 2 r e s p e c t i v e i y ) .  

assumed thac a l l  equipment vas operat ing and w a s  within the shaded areas  i n  

Figures 8 - 1  and 8 - 2 .  

I t  is 

Rec'eptors were locared a t  the corners and mid-poinrs of each s i d e  o f  a 

rectangle  0 . 5  km l a r g e r  i n  a l l  d i r ec t ions  than the st ibaivision. 

to  simulate "fencel ine" condi t ions.  

This vas dcze 

Receptor heights  verk,  1 . 5  meters.  

8 . 2 . 2  Line Source Modeling 

The add i t ion  of the e x t r a  l a n e  t o  an e x i s t i n g  median s t r i p  vas modeied by 

e s t ab l i sh ing  an eas t -wes t  l i n e  source 0 . 5  miles long and 13 yds. v ide .  

The source s t rengths  f o r  the l i n e  source modeling were ai-.. determined by 

summing the r o t a 1  HC,  NO,. and p a r t i c u l a t e  emissions from Zach p iece  of heavy 

duty cons t ruc t ion  equipment and d iv id ing  by the area over vhich the equipmen: 

vas operated.  

Receptors were located a t  the corners  and mid-poinrs of each s i d e  of a 

rectangle  0 . 5  km l a r g e r  i n  a l l  d i r ec t ions  than the ex t r a  lane .  Again, t h i s  
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Q 

ID 

3 
m 

e, c 
al 

5. 
d 
J 
l7 
al 

rl .+ 

rl 
t 

c 
0 
d 
c, 
m 
& 
l 

3 M  
I 4 .  

m L m  
w C a l  O h  5 o m  

2 w u  
ca l  
d Q  
r l m  
alc 
Po) 
0 
E @  c 
ale, 
0 
h C  
5vl 
0 

e, 
m m  
alh  
& a l  

0 
C 
0 0  
de, 
Y) 
d W  
> a  
.+E 
Q l  no) 
l u 1  
w m  

L 

m a l  

m c  



m 
0 
3 

E 

0 

Y 
In I 

I 
# *  

I I 

d - 

E 

0 

Y 
In 

i- i 

C al 

8-5 



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 H 

Meteorological information from airports located In Oxario, CA and Fresno. CA 

was used as model input to evaluate the source contributors 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 "normal" length construc- 

tion day. 
seasonal observation to simulate the potential conditions likely t o  be 

observed at construction sites in California. 

and stability was included with the data available, so estimates of these 

parameters were made. Stability was estimated using wind speed information 

2nd 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 

afcernoon values for Caiifornia. 1ntermedia:e hour values were interpolated. 

The first day of each of the above months WAS chosen as a random 

No infornation on mixing height 

The mixing heights used at 0700 and 1700 are typical morning and 

Output 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, br;c hourly information is 

available. Additionally. the meteorology data and source strengths are 

summarized in the output generated by the model. 

8.2.4 Resulta 

Concentrations of all pollutants considered were extremely low. 

partly due to the manner in which the sources were modeled. 
duty construction equipmenc will remain in the same position for one hour, 

much less over the time period involved in a normal working day. 

This is 

No piece of heavy 

This means 
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that the individual pieces of equipment cannot be modeled as point sources, 
but rather musf be modeled as area or line sources. As a consequence, the 
model input requires information on source strengths in units of grams/sec-m2 

for area sources and grams/sec-m for line sources. 

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. 
Some effort was made to maximize these impacts 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 piece of equipment couldn't be 

utilized in a separate subdivision lot. 

- 

When the emission rates 

- 
Thus, their air quality impacts also tend to be relatively small. 

The information below shows that the average hourly concencratior. of NO,. HC 
O K  particulates is always less than lo-' 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 meteorological 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 J u l y  

data and 4 represents October data. 

Receptor number 1 is located in the southwest corner of the receptor grid. 
Receptor 2 is located ac :he midpoint of the southern boundary :;ne of the 

Receptors are numbered 1 through 8. 

grid, receptor 3 the southeast corner, receptor 4 at the midpoint of the -. 

western nor:h-south boundary line, receptor 5 at the midpoint of the eastern 

north-south boundary line, receptor 6 at the northwest corner, receptor 7 ac 
the midpoint of che northern boundary line and receptor 8 at the northeast 
corner of the grid. For the Base Case, and all three ccmtrol 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 miCKogKamS/CUb~C meter 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 val,ae 
represents a degradation in the overall air quality re;dzive to :he Base Case. 

It should be noted that the receptors that shoved the Giaxfmum average con- 

centration levels also shoved the maximum delta values. 

The data presented in Table 8-1 for NOx show that for a:? modeling results, 
the maximum average hourly concentration is well below rne one hour California 

standard of 0.25 ppm. These results also shov that ali maximum average hourly 
NOx levels are at least a factor of 3 lower than the nat:onal annual standard 
of 0.053 ppm. 

Farciculate levels are considerably lover than either ;;?e national 2C, hour 

standard of 150 micrograms/cubic meter or the fiationa; Jr,i;ual szandard of 50 

micrograms/cubic meter. 

concentrations developed with the model and presented ir. Table 8-2 represent 

only particulates generated by the vehicle engines. Fu;irive dust emissions 

generated as the result of operating the equipment voul.: certainly result in 

higher particulate levels than those reported here. 

It should be pointed out that :ne particulate 

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

results with: however. the values presented below are extremely low. 

8.3 EFFECTS OF EHISSION CONTROL ON R ECIONAL AIR 0 UALITY 

The likely effectiveness of VOC and NO, controls virhin d region depends on 

their relative concentrations in the atmosphere. The higher, the ratio of 



Table 8-1 

NOx Modeling Results 

Area Source Configuration #1 Ontario Met. Data 

Delta Receptor Met. Month Max. Conc. 
Base Case 0.012713 9 1 
Scenario 1 0.009761 0.002952 9 1 
Scenario 2 0.006473 0.006239 9 1 
scenario 3 0.005904 0.006809 s 1 

Area Source Configuration #1 Fresno Met. Data 

Max. Conc. Delta Receptor Met. Month 
Base Case 0.016798 3 1 
Scenario 1 0.012899 0.003899 3 1 
scenario 2 0.008559 0.008239 3 1 
Scenario 3 0.007803 0.008995 3 1 

Area Source Confiquration #2 Ontario Met. Data 

Max. Conc. Delta Receptc: Met. Month 
Kase Case 0.013505 10 4 
Scenario 1 0.010351 0.003154 10 4 
Scenario 2 0.006856 0.006649 10 4 
Scenario 3 0.006i29 0.007277 10 4 

Area . Source ___ Configuration #2 Fresno Met. &La 

Max. Conc. Delta Receptcr NE=. Month 
base Case 0.015303 3 2 
Scenario 1 0.011729 . 0.003574 3 2 
Scenario 2 0.007771 0.007532 3 2 
Scenario 3 0.007053 0.00825 3 2 

Line Source Ontario Met. Data 

Max. Conc. . -  Delta Receptc; ?:et. Month 
Base Case 0.013351 15 4 
Scenario 1 0.010234 0.003117 10 4 
Scenario 2 0.006782 0.006569 1C 4 
Scenario 3 0.00617 0.007181 lG 4 

Line Source Fresno Met. Data 

Max. Conc. Delta Receptor Met. Month 
Base Case 0.006569 4 2 - 
Scenario 1 0.005034 0.001536 4 2 
Scenario 2 0.003335 0.003234 4 2 
Scenario 3 0.003037 .0.003532 4 2 

Concentration and Delta values in ppm 
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Table E-2 

Particulate Modeling Results 

Area Source Configuration #1 Ontario ME:. 3zta 

Delta Receptcz Met. Month * Max. Conc. 
Base Case 1.074 9 1 
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. Coric. Delta Receptor Met. Month 
Base Case 1.419 3 1 
Scenario 1 1.774 -0.355 3 1 
Scenario 2 1.656 
Scenario 3 0.828 

-0.237 3 1 
0.591 3 1 

Area Source Configuration i f2  Ontario Met. 3ata 

Max. Conc. Delta Receptor Net. Month 
Base Case 1.108 10 4 
Scenario 1 1.424 -0.316 10 4 
Scenario 2 1.345 -0.237 13 4 
Scenario 3 0.6329 0.4751 10 4 

Area Source Configuration #2 Fresno Met. Data 

Max. Conc. Delta . Receptor Met. Month 
Base Case 1.255 3 2 
Scenario 1 1.613 -0.358 3 2 
Scenario 2 1.524 -0.269 J 2 
Scenario 3 0.717 . 0.538 3 2 

- 

Line Source Ontario Met. Data 

Max. Conc. .Delta - Receptor Met. Month 
Base Case 1.129 io 4 
Scenario i 1.389 -0.26 10 9 

Scenario 2 1.31 -0.181 19 4 
Scenario 3 G .  6548 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 
scenario 3 0.3221 0.2332 4 2 

Concentration and Delta values in microqrams/ccbic meter * 
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TABLE 8-3  
Hydrocarbon Modeling Results 

Area Source Configcration #1 Ontario Met. Data 

Delta Receptor Met. Month Max. Conc. 
Base Case 2.148 9 L 

scenario 1 1.79 0.358 9 1 
Scenario 2 1.432 
Scenario 3 1.432 

0.716 
0.716 

9 1 
9 1 

Area Source Configuration #1 Fresno Met. Data - 
Max. Conc. Delta 'Receptor Met. Month 

Base Case 2.839 3 - 
Scenario 1 2.366 0.473 3 - 
Scenario 2 1.892 
Scenario 3 1.892 

0.947 
0.947 

3 - 
3 * 

Area Source Configuration #2 Ontario Met. Data 

Max. Conc. Delta Receptor Met. Month 
Base case 2.215 10 4 
Scenario 1 1.978 
Scenario 2 1.503 
Scenario 3 1.503 

0.237 
0.712 
0.712 

10 4 
10 4 
10 4 

Area Source Configuration # 2  Fresno Met. Data 

Max. Conc. Delta Receptor Met. Month 
Base Case 2.509 3 2 
Scenario 1 2.241 0.268 3 2 
Scenario 2 1.703 0.806 3 2 
Scenario 3 1.703 0.806 3 2 

Line Source Ontario Met. Data 

Max. Conc. Delta Receptor Met. Month 
Base Case 2.224 10 4 
Scenario 1 1.919 
Scenario 2 1.501 
Scenario 3 1.501 

0.305 
0.723 
0.723 

10 4 
10 4 
10 4 

Line Source Fresno Met. Data 

Max. Conc. D S  ' Receptor Met Month 
Base Case 1.094 4 2 
Scenario 1 0.9441 0.1499 4 2 
Scenario 2 0.7366 0.3554 4 2 
Scenario 3 0.7386 0.3554 4 2 

Concentration and Delta values in rnicrograms/cubic meter * 
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organics to NO,, the more likely NO, controls are to be beneficial. Evidence 

suggests that each city can be characcerized in terms of a critical NHOC/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 
1O:l. 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/”N, ratio is equal to or above 1O:l. Selov this 
ratio, benefits of reducing NO, in addition to VOC are less likely. 

Considering Figure 8 - 4  as an example Empirical Kinetic Modeling Approach 

(EILLVI) diagram for a high-oxidant urban area, the proportions of total HC and 
NO, for heavy construction equipment under different scenarios along with A R ~  

estlmates of total state-level HC and NO, emissions can be used to provide 

rough estimates of how Oj levels might change in an are& Like Los Angeles. 

Table 8-4 shows ARB estimates of iota1 statewide emissions along vith heavy 

construction equipment emission estimates for scenarios 1 through 3. Heavy 

conscruccion equipment emission estimates were converted from Kg/year to 

tons/day assuming 6 dzys per week, 52 weeks per year opera:ion. 

A s  Table 8-4 shows, HC emissions are expecced to change very iictle. even 

under the most stringent control scenario. The d ffere::sr beeween scenario 1 
and scenario 3 6miss:ons of HC for heavy construc:ior. d,L.;pment are only 0.14 

percent of I995  and 0.3 percent of 2000 reactive AC emissions. These emission 

changes are COO small to produce any measurable change in O3 levels. 

Of more interest is the estimated change in 03 that migt.: be observed through 

controlling NO, emissions. 

using one of :wo modeling approaches to determine the ezfsc: of VOC and NO, 
emission changes on future year 03 values. 

of the recommended modeling approaches, with the preferred model being the 

EPA‘s proposed post-I987 o z o m  policy recomnends 

Photocheaical grid modeling is one 
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NONMETHANE HYDROCARBON CONCENTRATION, ppm 

Example of EKMA diagram for high-oxidant urban area. 
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TABLE 8 - 4  

CALIFORNIA STATEWIDE HC AND NOx EE.ISSI3N ESTIMATES 
(tons per day) 

ALL CATEGORIES VS. HEAVY CONSTRUCTIOX EQUIPKENT 

All All 
Ca:egories Categories Hvy. Consr. Hvy. Consc. H W .  Cons: 

Year. HC Total HC Reactive Scen. 1 Scs2.  2 Scen. 3 

1987 6 4 2 5  3200  4 6 . 3  L6.3  4 6 . 3  

1990 6 7 1 2  3175 4 2 . 9  4 2 . 9  4 2 . 5  

1995 6619 3066 3 8 . 1  3 4 . 7  3 3 . 8  

2000 6634 3118 35 .4  2 9 . 3  2 6 . 2  

h l l  
Categories 

- Year vox 

2857 

1390 2624 

1995 2804  

2030 2553  

.,.-- 
I Y O i  

H v y .  Consr. Hvy. Consc. H W .  Cons:. 
k e n .  1 Scen. 2 k e n .  3 

3 9 6 . 4  3 9 6 . 4  3 9 6 . ;  

3 7 4 . 2  3 7 4 . 2  3 7 i . 2  

3 5 0 . 3  3 1 6 . 6  303 

3 3 9 . 2  2 7 8 . 3  2 3 2 . 3  

Scenario 1 - Kc control 
Scenario 2 - Level I control implemented in 1 9 9 1  

Scenario 3 - As per Scenario 2, w i t h  Level I1 contro: inplemented in 1994 
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Urban Airshed Model (UAM). The second acceptable  modeling approach, is use of 

the EKMA. 

Unfortunately,  t h e r e  are p r a c t i c a l  problems assoc ia ted  with using e i t h e r  of 

these approaches t o  examine the l i k e l y  e f f e c t  of  NO, reductions on ambient 0, 

i n  the South Coast A i r  Basin. UAH is an extremely complex mode;, and i ts  

app l i ca t ion  t o  t h e  South Coast,  even assuming t h a t  a l l  appl icable  input da ta  

were a v a i l a b l e ,  would be c o s t  p rohib i t ive .  Also, UAH with t h e  chrbon bond Ir 

(CB 4) mechanism is n o t  y e t  ava i l ab le  i n  the publ ic  domain. While the cur ren t  

vers ion  of EKKA with CB 4 is avai lab le  f o r  use ,  the ambient measurements of 

NMOC and NO, needed a s  input t o  t h a t  model a r e  not  ava i l ab le  f o r  the South 

Coast because EKMA is not  used by the SCAQHD f o r  SIP demonstration modeling. 

I n  l i g h t  of the above, r a t h e r  than attempt t o  provide a d e f i n i t i v e  answer t o  

the quest ion of how NO, reductions might a f f e c t  fu ture  yesr  O3 l e v e l s  i n  the 

South Coast,  an example EKMA diagram f o r  a high 03 urban area  is used t o  

provide a reasonable bound on what the NO, e f fec ts  mighc be.  

On Figure 8 - 4 ,  poin t  A can be used a s  a s t a r t i n g  point  f o r  e x k n i n g  cont ro l  

e f f e c t s  f o r  an a rea  with an O3 design value of 0 . 3 0  ppm ar.d a SVI..OC/NO, r a t i o  

of 12:l. Based on the ARB’statevide emission p r o j e c t i m s  shown i n  Table 1, 

ne i the r  NO, nor r eac t ive  HC emissions a r e  expected t o  change ffiuch between 1987 

and 2000. NO, emissions a re  estimated t o  increase  by 3 .4  percent  and reac t ive  

HC emissions a r e  pro jec ted  t o  decrease by 2 . 6  percent over t h i s  time period. 

Therefore.  it seems reasonable t o  assume t h a t  t h e  cur ren t  s i t u a t i o n  could be 

used as  one approximation of how heavy cons t ruc t ion  equip:Jent e r l s s i o n  changes 

might a f f e c t  4 l e v e l s .  

Point A on Figure 8 - 4  has coordinates of NnOC - 1.85 ppm and NO, - 0.154 ppm. 

In the year  2000. the reduct ion i n  NO, emissions from Scenario 1 t o  Scenario 3 

is 107 tons per  day. which is 3.6  percent  of the s ta tewide NO, emission t o t a l .  

Reducing NO, emissions by 3.6 percent i n  the EKHA diagram would be expected to 

- 
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reduce NO, to 0.148 ppa. Thus. as a rough approximation. 03 ievels would be 

unlikely to change by more than 0.01 pprn. 

The above results are far from conclusive, as the effects of controlling NOx 

emissions on 03 formation are a mafter of continuing discussion and research. 
The inhibition of 03 formation by NO, under some circumstances, as demon- 
strated by the E K A  diagam in Figure 8 - L ,  has been shown in smog chamber 
studies (GLasson and Tuesday, 1970; Dirnitriades, 1972). Ksre re:ently, Kelly 
( ? 9 E 5 )  showed that the addition of NO, to Detroit ambient air saples sup- ' 

pressed 0, formation Kelly also compared EKMA predicticzs with tne resu1:s 
of his smog chamher study and concluded that EKMA correctly describes the 

respective effects of NO, and reactive HC on ozone rnaxiEa. 

though. a recent application of the UAM to the South Coast Air Basin showed 
that NO, control is not useful in reducing peak O3 levels (study results were 

not  publicly available at the time of this writing). Therefore. :>.ere is 

considerable uncertainty in estimating the effect 3f K O x  emissio;. reductions 

on ambient 05 f o r  any particular area 

Conversely, 

I n  general zhe air quality inpac:s from heavy duty consrruction equipment are 

m a l l .  FGK ihe microscale modeling analysis presented n e r t ,  t h  general 

conclusions are: 

e Confipracion 41 tended to produce the highest maximum ccncentra- 
cion f n u n d  a: any receptor for any pollutant 

a Poiiurzrxt ievels deveioped using the Fresno mereorological data 
?rodaiced higher naximum pollutant concentraticn levels than those 
found ushg the data for Ontario Eo: Configuration al. Ontario 
meteorological data produced the highest maximum concentration 
levels for Configuration #2 and for the Line source modeikg. 

levels at any receptor. This control scenario represented the 
most stringent controls simulated. However. even with this level 
of control, air quality benefits were very small, 2rimariiy 
because the air quality impacts themselves were si) small. 

0 Control scenario 3 produced the lowest maximin concentrat:on 
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AS the negative delta values in Table 2 show, control scenarios 1 
and 2 produced higher maximum concentration levels for ?articu- 
lates at the receptors than the Base Case. This was due to the 
fact that emissions were summed for all pieces of equipmenc. 
Since control scenario 1 had lover 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 meteoro,ogical data was used. 

Regional effects on ozone are subject to considerable uncertainty, but a rough 

approximation suggescs a 0.01 ppm reduction in ozone 1eve;s. It should be 

noted that the effects of controlling NOx on ozone is under discussion and 
different studies have yielded different results. 
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Several d i f f e r e n t  options e x i s t  f o r  measuring p a r t i c u l a t e s .  The current 
EPA double di lucion system needs f u r t h e r  refinement for  measuring 
par t icu la te#  under t h e  steady s t a t e  condi t ions typ ica l  of construction 
equipmant. The alternate,  s impler ,  methods of measuring p a r t i c u l a t e s  
need similar development for  s teady s t a t e  t e s t s .  With any system, f i l t e r  
temperature, sampling conditions,  and probe design needs to be Specified 
t o  obtain consis tent  results. 

The EPA curren t ly  s p e c i f i e s  a f u l l  double d i l u t i o n  system for  measuring 
p a r t i c u l a t e s .  
lu t ion  a i r  i n  t h e  primary tunnel.  A sample is d r a m  from the primary 
tunnel, fur ther  d i lu t ed  i n  a secondary tunnel ,  and then f i l t e r e d  t o  co l -  
l e c t  p a r t i c u l a t e s .  The primary tunnel is a constant volume system (CVS) 
where t h e  sum of d i l u t i o n  plus  exhaust flw i g  kept constant.  This is 
done through the use of e i t h e r  a p o s i t i v e  displacement pump (POP) o r  a 
c r i t i c a l  f lov ventur i  (CFV) .  A heat exchanger is used a t  the i n l e t  of 
the POP or CFV to hold the temperature constant within t 11OC; o r  a flow 
compensator is  used w i t h  the CFV. The primary d i l u t i o n  r a t i o  leve l  i s  
s e t  by t h e  requirement t h a t  t h e  sampling zone (where t h e  gaseous emissions 
and secondary d i l u t i o n  sample are obtained) be less than 19l0C.  The 
secondary sample i s  d i l u t e d  f u r t h e r  t o  obta in  a temperature a t  t h e  primary 
f i l t e r  of l e s s  than 5 2 O C .  A system such as  t h i s  would cost approximately 
$25C,OOO per t e s t  c e l l .  

The primary d i l u t i o n  r a t i o  var ies  widbly during t h e  t rans ien t  tes t .  
Changes i n  engine rated pover vi thout  changes to the  CVS system r e s u l t s  
i n  a s h i f t  i n  the d i l u t i o n  r a t i o .  These e f f e c t s  a re  ignored i n  the cur- 
rent  system. perhaps under t h e  premise t h a t  the t rans ien t  cycle averages 
out  t h e  e f f e c t s .  
l a b  t o  lab and c e l l  t o  c e l l .  These concerns need t o  be addressed before 
the current  system can be used for  s teady s t a t e  t e s t s .  

In  t h i s  system a l l  of the exhaust gas i s  mixed w i t h  d i -  

The range of d i l u t i o n  r a t i o  also l i k e l y  changes from 

In the s t a t e  s t a t e  t e s t s  t h a t  represent construction equipment, several  
a l t e r n a t e  types of p a r t i c u l a t e  sampling systems should be considered. 
Sampling of rav p a r t i c u l a t e s  i s  one possible  method. n e  cost  t o  equip 
a t e s t  c e l l  for  measuring steady s t a t e  raw par t icu la tes  is estimated a t  
$20,000.  
a s u i t a b l e  f i l t e r  mass. 

I f  a d i l u t i o n  method is used to measure steady s t a t e  p a r t i c u l a t e s ,  the 
d i l u t i o n  r a t i o  and sampling temperature needs t o  be spec i f ied .  Control 
co a constant cora l  flw (CVS) should not  be required.  Several methods 
of measuring and cont ro l l ing  d i l u t i o n  r a t i o  are ava i lab le .  A s p l i t  then 
d i l u t e  system could be implemented for  approximately S(rO.000 per t e s t  
c e l l .  In t h i s  system a port ion of the raw exhaust is withdrawn and mixed 
w i t h  a known d i l u t i o n  f l w .  Flwr are  measured w i t h  dry aas meters. The 
d i l u t i o n  f l w  temperature is  used t o  cont ro l  f i l t e r  t e q e r a t u r e .  This 
s i n g l e  di lucion type of system i s  shovn i n  Figure 1. 

A simplif iod double d i l u t i o n  system was invest igated a t  Volvo (Ref. 1 ) .  
This system can be r e t r o f i t t e d  to e x i s t i n g  t e s t . c e l l s .  Under t rans ien t  
conditions rhe primary tunno1 is va r i ab le  f lov  and the secondary tunnel 
is constant f lov .  
sor. Secondary flw is measured v i t h  F lu ids to r  flaw meters. 

Under steady s t n t e  condi t ionr ,  a similar system could use a t r a c e r  gas 
(NOx or CO2) to determine t h e  primary f l w  and the dry gas meters t o  de- 
termine secondary flov. An example of t h i s  system is shown i n  Figure 2 .  
Estimated cos t  is $60,000 per  t es t  c e l l .  

Raw sampling w i l l  minimize t h e  length of time required t o  obtain 

Primary f l w  is determined using an Annubar flw sen- 
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APPENDIX B 

CALIFORNIA MISSIONS INVENTORY FROM OFF-HIGHWAY 
HEAVY-DUTY CONSTRUCTION EQUIPHENT 
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8.20 POINT. AREA. LINE SOURCE A L G O R I T M  (PAL-OS) 

. Reference: Petersen, U. E. 1978. User 's  Guioe f o r  PAL - A Gaussian-Plume - - -- - - . 
A l g o r i t h n  fo r  Po in t ,  Area, and L ine Sources. €PA P u b l i c a t i o n  
No. €PA-600/4-78-013. O f f i c e  of  Research and Development, 
Research T r iang le  Park, NC. (NTIS PE 281306). 

Rao, K. 5 .  and H. F .  Snodyrass, 1962. PAL-DS Model : The PAL 
Model I n c l u d i n g  Depos i t ion  and Sedimentation. €PA P u b l i c a t i o n  
No. €PA 600/8-82-023. 
Research T r iang le  Park, NC. -(NTIS PB 83-117739). 

O f f i c e  o f  Research and Development, 

Av - a b i l i t y :  Th is  model i S  a v a i l a b l e  as p a r t  o f  UNAMAP (Vers ion 6 ) .  The 
computer code, is  a v a i l a b l e  on magnetic tape from: 

Computer Products 
Nat ional  Technical I n fo rma t ion  Se-rvice 
U.S. Department o f  Commerce 
S p r i n g f i e l d .  V i r g i n i a  22161 

Phone (703) 487-4650 

Abstract :  PAL-DS i s  an acronym f o r  t h i s  p o i n t ,  area, and l i n e  source 
a l g o r i t h m  and i s  a method o f  e s t i m a t i n g  s h o r t - t e n  d i s p e r s i o n  
u s i n g  Gaussian-plume s teady-s ta te  assumptions. The a l g o r i t r m  
can be used f o r  e s t i m a t i n g  concentrat ions o f  non-react ive 
p o l l u t a n t s  a t  99  recep to rs  f o r  averaging t imes o f  1 t o  24 
hours,  and f o r  a l i m i t e d  number o f  p o i n t ,  area, and l i n e  
sources ( 9 9  o f  each t ype ) .  This a l y o r i t h m  i s  no t  intenaea 
f o r  a p p l i c a t i o n  t o  e n t i r e  urban areas b u t  i s  intended, 
r a t h e r ,  t o  assess t h e  impact on a i r  q u a l i t y ,  on scales o f  
t ens  t o  hundreds o f  meters, o f  p o r t i o n s  o f  urban areas such 
a s  shopping centers,  l a r g e  pa rk ing  areas, and a i r p o r t s .  
Level t e r r a i n  i s  assumed. The Gaussian p o i n t  source equat ion 
es t imates  concentrat ions from p o i n t  sources a f t e r  d e t e n i n i n y  
t h e  e f f e c t i v e  h e i g h t  of emission and t h e  upwind and crosswind 
d i s t a n c e  o f  t h e  source fran t h e  receptor.  Numerical i n t e g r a t i o n  
o f  t h e  Gaussian p o i n t  source equat ion i s  Used t o  determine con- 
c e n t r a t i o n s  fran t h e  f o u r  types of  l i n e  sources. Subroutines . a r e  inc luded t h a t  es t imate  concent ra t ions  t o r  m u l t i p l e  lane 
l i n e  and curved p a t h  sources, spec ia l  l i ,ne  sources ( l i n e  
sources w i th  endpoints a t  d i f f e r e n t  h e i g h t s  above yround), 
and spec ia l  curved pa th  sources. I n t e g r a t i o n  over t h e  area 
source, which i nc ludes  edge e f f e c t s  from the source rey ion ,  
i s  done by cons ider ing  f i n i t e  l i n e  sources perpendicu lar  t o  
t h e  wind a t  i n t e r v a l s  upwind from t h e  receptor .  The crosswina 
i n t e g r a t i o n  i s  done a n a l y t i c a l l y ;  i n t e g r a t i o n  ubwind i s  done 
n u m e r i c a l l y  by successive approximations. 
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d. 

e. 

f .  

9. 

h .  

i. 

J .  

Type o f  Model 

PAL-OS i s  a Gaussian plume model. 

P o l l u t a n t  Types 

PAL-OS may be used t o  model non- reac t ive  p o l l u t a n t s .  

Source-'Receptor Re la t ionsh ips  

Up t o  9Y sources o f  each of 6 source types:  
o f  1 i n e  sources. 

Source and receptor  coord inates are  un ique ly  def ined.  

Unique stack he igh t  f o r  each source. 

Coordinates o f  recep to r  l o c a t i o n s  are  user  def ined.  

Plume Behavior 

B r i g y s  f i n a l  plume r i s e  equat ions are  used. 

Fumigation and downwash are  not  t rea ted .  

If plume he igh t  exceeds mix ing  he igh t ,  concent ra t ions  are assmed 
equal t o  zero. 

Surface concent ra t ions  are se t  t o  zero when the  plume c e n t e r l i n e  
exceeds mix ing  he igh t .  

Hor izonta l  Winds 

User-suppl ied hour l y  wind data are used. 

Constant, un i fo rm (s teady -s ta te )  wind i s  assumed w i t h i n  each hour. 

U i  nd i s  assumed t o  increase w i t h  he igh t .  

p o i n t ,  area, and 4 types 

V e r t i c a l  Wind Speeds 

Assumed equal t o  zero. 

Hor izon ta l  D ispers ion  

Rural d i spe rs ion  c o e f f i c i e n t s  f r a  Turner (1969) a re  used w i t h  no 
adjustments made f o r  sur face roughness. 

S i x  s t a b i l i t y  c lasses are  used. 

Dispers ion c o e f f i c i e n t s  ( P a s q u i l l - G i f f o r d )  a re  assumed based on a 3 cm 
roughness he igh t .  
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k .  V e r t i c a l  D ispers ion  

Six  s t a b i l i t y  c lasses are used. 

Rural d i s p e r s i o n  c o e f f i c i e n t s  f ran  Turner (1969) are used; no f u r t h e r  
ajustments a r e  made f o r  v a r i a t i o n  i n  su r face  roughness, t ranspor t  o r  
averaging t ime.  

M u l t i p l e  r e f l e c t i o n  i s  handled by sunmation o f  se r ies  u n t i l  t h e  v e r t i c a l  
s tandard  d e v i a t i o n  equals 1.6 t imes m i x i n g  he igh t .  
m ix ing  i s  assumed t h e r e a t t e r .  

Uniform v e r t i c a l  

1 .  Chemical Transformat ion 

Not t r e a t e d  . 
m. Phys ica l  Removal 

PAL-DS can t r e a t  d e p o s i t i o n  o f  b o t h  gaseous and suspended p a r t i c u l a t e s  
i n  t h e  plume s ince  g r a v i t a t i o n a l  s e t t l i n g  and d r y  depos i t i on  of  t h e  
p a r t i c l e s  are e x p l i c i t l y  accounted f o r .  

n. Eva lua t i on  Studies 

None. 

C-4 - 



The PAL-DS model u t i l i z e s  Gaussian plume-type d i f f u s i o n - d e p o s i t i o n  
a lgo r i t hms  based on a n a l y t i c a l  s o l u t i o n s  o f  a g rad ien t - t rans fe r  model. 
The PAL-DS model can t r e a t  d e p o s i t i o n  o f  b o t h  gaseous and suspended 
p a r t i c u l a t e  p o l l u t a n t s  i n  t h e  plume s ince  g r a v i t a t i o n a l  s e t t l i n g  and 
d r y  d e p o s i t i o n  of t h e  p a r t i c l e s  a re  e x p l i c i t l y  accounted f o r .  The 
a n a l y t i c a l  d i f f u s i o n - d e p o s i t i o n  express ions l i s t e d  i n  t h i s  r e p o r t  i n  
t h e  l i m i t  when p o l l u t a n t  s e t t l i n g  and d e p o s i t i o n  v e l o c i t i e s  a re  zero, 
t hey  reduce t o  the  usual  Gaussian plume d i f f u s i o n  a lgor i thms i n  the  PAL 
model. 

a.  Recomnendations f o r  Regulatory Use 

PAL-DS can be used i f  i t  can be &emonstrated t o  est imate concent ra t ions  
equ iva len t  t o  those prov ided b y , t h e  p r e f e r r e d  model f o r  a g iven a p p l i -  
ca t i on .  PAL-DS must be executed i n  t h e  equ iva len t  mode. 

PAL-DS can be used on a case-by-case b a s i s  i n  l i e u  of a p re fe r red  model 
i f  i t  can be.demonstrated. us ing  t h e  c r i t e r i a  i n  Sec t ion  3.2. t h a t  
PAL-OS i s  more approp r ia te  f o r  t h e  s p e c i f i c  a p p l i c a t i o n .  I n  t h i s  case 
t h e  model options/modes which are  most app rop r ia te  f o r  t he  a p p l i c a t i o n  
should be used. 

b. Input  Requirements 

Source data:  po int -sources--emiss ion ra te ,  phys i ca l  stack he igh t ,  stack 
gas temperature,  s tack gas v e l o c i t y .  s tack  diameter, s tack gas volume 
f low,  coord ina tes  o f  s tack.  i n i t i a l  oy and oz; area sources--source 
strength:size o f  area source. coord ina tes  o f  S.U. corner,  and he igh t  
of  area source; and l i n e  sources--source s t reng th ,  number o f  lanes, 
h e i g h t  of  source, coord ina tes  o f  end p o i n t s ,  i n i t i a l  oy and oZ. wid th  
o f  l i n e  source, and w i d t h  o f  median. D iu rna l  v a r i a t i o n s  i n  emissions a re  
permi t ted .  
a re  a l s o  permi t ted.  

When app l icab le .  t h e  s e t t l i n g  v e l o c i t y  and d e p o s i t i o n  v e l o c i t y  

Meteoro log ica l  data:  wind p r o f i l e  exponents, anemometer he igh t ,  wind 
d i r e c t i o n  and speed, s t a b i l i t y  c lass .  m i x i n g  he igh t ,  a i r  temperature, 
and h o u r l y  v a r i a t i o n s  i n  m i s s i o n  ra te .  

Receptor data:  recep to r  coord inates.  

c. ou tpu t  

P r i n t e d  ou tpu t  inc ludes :  

Hour ly  concen t ra t i on  and d e p o s i t i o n  f l u x  f o r  each source type  a t  
each recep to r ;  and 

Average concen t ra t i on  f o r  up t o  24 h r s  f o r  each source type a t  
each receptor .  
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