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Chapter 1: Introduction

Chapter 1: Introduction

This Final Regulatory Impact Analysis (“Final RIA”) contains the supporting
information and analysis for the Phase 2 Final Rulemaking for handheld engines and for
Class I-A and I-B nonhandheld engines. The information was gathered from number of sources
including the Regulatory Negotiation (Reg/Neg) process between 1993 and 1996, industry
meetings between 1993 and 2000, EPA contracts, comments to the January 1998 Notice of
Proposed Rulemaking (NPRM) and the July 1999 Supplemental Notice of Proposed Rulemaking
(SNPRM), and discussions with manufacturers and inventors. The Reg/Neg task groups
provided information on test procedure, technologies, compliance programs, and costs. Industry
provided data on the in-use deterioration characteristics of Phase 1 engines from their own test
programs and on costs of technologies to the consumer. EPA contracts provided information on
available technologies, costs of technology changes, and regulatory impacts for small entities.
Comments to the January 1998 NPRM provided information on a number of issues including the
timeframe for certain technologies, costs of technologies, costs of testing, the need for additional
nonhandheld classes, etc. Discussions with manufacturers and inventors since the publication of
the January 1998 NPRM and comments on the July 1999 SNPRM provided EPA with the latest
information on emission reduction technologies and costs. All of this information is utilized in
the chapters of this Final RIA as described.

Chapter 2 contains a summary of the work done by the Test Procedure Task Group of the
Regulatory Negotiation Committee, as it relates to this rule. The work by the Task Group
included an investigation into the differences in emission results when small éaginested
on steady state and transient test cycles. The outcome for this rule is the use of the Phase 1
steady state test procedure with an adjustment in the weightings for the handheld test procedure
changed from 90/10 to 85/15 for Mode 1 and Mode 2, respectively.

Chapter 3 presents the supporting rationale for the level of the Phase 2 standards being
adopted including a comparison of cost estimates for various technologies. Research on
technologies for handheld engines has focused on information obtained since Phase 1 was in the
process of being finalized. Preliminary work was completed by several sources including the
Technology Subgroup of the Regulatory Negotiation and an EPA work assignment with SwRI in
1996. The Technology Subgroup of the Regulatory Negotiation investigated a number of engine

The small engines were tested in Phase 1 and “future technology” configurations.

The work assignment with SwRI focused on investigation of currently produced
Phase 1 engines and identified the features of low and high emitting handheld and
nonhandheld engines.
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emission reducing technologies for the exhaust system and fuel system of Small Sl engines. The
results of the testing during these years revealed that some technologies required other engine
improvements to be achieved prior to their use (such as catalysts), some technologies were
currently too expensive compared to the price of the engine (such as traditional fuel injection on

a handheld engine) and some were in the pre-prototype stages and required additional
development before the prototype stage (such as an accelerator pump on a chainsaw engine).
Standards being discussed were 30 percent below the respective Phase 1 standards for each class
(210, 172,116 for Classél§ IV and V, respectively).

Most recent discussions with manufacturers, from 1998 to 2000, revealed potential
technologies for meeting the California Air Resources Board (ARB) HC+NOx standard of 54
grams per horsepower-hour (g/hp-hr) (i.e., 72 grams per kilowatt-hour (g/kW-hr)) for small
spark-ignition engines up to 65cc. Technologies include the compression wave technology,
stratified scavenging with lean combustion, and mini four-stroke engines, as well as internal
engine improvements with a catalyst. These technologies form the base of the technologies to
meet EPA’s final standards of 50 g/kW-hr for Classes Ill and IV and 72 g/kW-hr for Class V.
For Classes lll and IV, EPA expects manufacturers to use compression wanedgg with and
without a catalyst, stratified scavenging with lean combustion with a catalyst, and the mini four-
stroke engine. For Class V, EPA expects manufacturers to use stratified scavenging with lean
combustion and the compression wave technology.

Chapter 3 also includes information on technologies and related standards for Class I-A
and Class I-B. Information was collected in discussions with manufacturers after the January
1998 NPRM was published, comments on the July 1999 SNPRM, and a comparison of the
standards to the program adopted by the California ARB. In the California ARB program,
engines under 65cc have a unique standard compared to those over 65cc. No distinction is made
between handheld and nonhandheld engines in the ARB program as had been done in earlier
standards. Given the market structure of the small engine industry, EPA is of the opinion that a
harmonized approach, with Class I-A, as allowed in our rulemaking structure, would benefit all.
Class I-B serves to allow the smaller Class | engines a higher standard due to the difficulty of
smaller engines to meet the Phase 2 standard.

Chapter 4 contains the data and analysis behind the estimated costs for the technologies
for this final rule. Cost information for handheld technologies was submitted to EPA by industry
groups and individual companies and through a work assignment with ICF, Incorporated (Docket
ltem IV-A-013).

The impact of technology changes to the Phase 1 engine families are based on review of

3Unless indicated otherwise, docket references in this document are to Docket A-96-55.
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EPA’s Phase 1 certification database and the regulatory programs for handheld engine
manufacturers being adopted for Phase 2. The number of handheld engine families that are
expected to be improved are estimated based on the use of ABT by the engine man@facturers
and the comparison of their deteriordtéehase 1 emission rates to the Phase 2 standard with a
10 percent compliance mar§inTechnology improvements for handheld engines include mini
four-stroke, stratified scavenging with lean combustion and a catalyst, and compression wave
with and without a catalyst. The estimated costs for each technology are also presented in this
chapter. Costs for Class I-A standards are minimal as Class I-A allows handheld engines to be
used in nonhandheld applications. Therefore the technology costs are attributed to the handheld
rulemaking. Class I-B costs are minimal for the standard allows existing engines to meet the
standards without modification. The only costs are those that are attributed to certification and
other related applicable costs which are the same as those for other engine families.

Chapter 5 contains the details of the compliance program and outlines the estimated costs
of the program. The compliance program includes certification and production line testing. One
major assumption made here for the program is the useful lives that would be chosen by engine
manufacturers for their engine families. This was done based on the market focus of the engine
manufacturers from low cost consumer to medium quality to high use professional. Appendix C
contains the spreadsheets for this analysis.

Chapter 6 contains a description of the methodology used to calculate anticipated
emission reductions and fuel savings as a result of this rulemaking. Appendix F contains related
data used in EPA’'s NONROAD Model for estimating the inventory reductions and fuel
consumption.

The ABT calculation is performed for each engine manufacturer and it is based on
information in the Phase 1 certification database (engine families, emission data
and production estimates.

Deterioration rates and functions are obtained from industry supplied data for both
nonhandheld and handheld industries.

This analysis projects that manufacturers will claim FELs that are 10 percent
below the standard. This assumption is made based on the conclusion that, as
manufacturers develop and implement low emitting technologies, manufacturers
will want to take advantage of credits to be gained by achieving FELs slightly
below the standard in order to offset credit needs by smaller engine families. A
larger percentage is not used due to the stringency of the standard in relation to
available technologies to meet emission levels much below the standard.

3
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Chapter 7 contains the aggregate cost analysis for this rulemaking and Appendix E
contains the corresponding spreadsheets. The cost estimates presented in Chapters 4 and 5 were
used to calculate these costs which include uniform annualized costs for variable and fixed costs
per class, average cost per engine per class and overall cost-effectiveness. The cost-
effectiveness with fuel savings is also presented.

Chapter 8 outlines the analysis of impacts on small entities for this final rulemaking. The
work for this analysis was completed through a work assignment with ICF, Incorporated in 1997
and additional work by EPA in 1999. Through this work, EPA analyzed the expected impact on
small production volume engine and equipment manufacturers based on the standards and
programmatic content of this final rulemakindased on the stringency of the standards, phase-
in, ABT and a number of compliance flexibilities, it is anticipated that the impact on small-
volume manufacturers and small-volume models will be minimal.

Chapter 9 contains the background information and analysis on certification useful lives
and regulatory flexibility parameters. The standards in this final rulemaking would be met by
engines based on the emissions at the end of the certification useful life of the engine. Three
choices of certification useful lives for handheld (50, 125 and 300) are included in this
rulemaking. These options were based on useful life information by PPEMA and EPA’s own
analysis. The options for Class I-A are the same as that for handheld engines. The options for
Class I-B are the same as nonhandheld engines which are 125, 250, 500 hours. The production
volume cutoffs for the various flexibilities for this rulemaking were based on the information
available in the 1996 PSR OELINK database and EPA’s Phase 1 certification database as of
September 1998. Chapter 9 contains the rationale behind the decisions for each flexibility cutoff.

This includes certification and production line testing.
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Chapter 2: Exhaust Emission Test Cycle and Test Procedures

2.1 Introduction

For EPA to successfully regulate exhaust emissions from small nonroad engines, the
Agency strives to establish test procedures and cycles that ensure technologies used by
manufacturers not only meet the emission standards when tested over the required test
procedures, but also result in a predictable emission reduction in actual use. Test procedures are
specified to a level of detail necessary to produce accurate, repeatable results. The following
discussion is for those engine families using the handheld cycle (handheld engines and
Class I-A). Discussion on the test cycle for Class I-B (nhonhandheld cycles) can be found in the
Phase 1 Final RIA (Ref. 1).

2.2 Phase 1 test procedures and test cycle

The Phase 1 test procedure is described in 40 CFR Part 90, Subparts D and E. The
Phase 1 test procedure is based upon well established and accepted on-highway exhaust emission
methods and equipment, with some modification to take into account the unique nature of Small
Sl engines. The procedures are designed to accurately measure engine emission performance. A
description of the Phase 1 test cycle and procedure can be found in the Final RIA for the Phase 1
rule.(Ref. 1) The Phase 1 test cycle is comprised of a series of steady state ‘modes’. A mode is a
specified engine speed and load condition, during which the engine is stabilized and emissions
are sampled. The emission results for all of the modes are combined using ‘weighting factors’
into a single number for each pollutant.

One distinct cycle (set of modes) is used for small handheld engines. The test cycle for
handheld applications consists of two modes, one full load condition at rated speed and one no-
load condition at idle speed.

The Agency determined during the Phase 1 rulemaking, based on the information
available at the time, that for the range of technologies expected to be used to meet the Phase 1
standards, that the Phase 1 test cycle and weighting factors were appropriate.

2.3 Agency review of the Handheld Engine Test Cycle

Prior to proposing Phase 2 emission standards for small nonroad engines, the Agency first
undertook, with the cooperation of the engine industry and members of the Negotiated
Rulemaking Committee, a test program to determine if the Phase 2 rule should contain a change
in the test cycle. The Agency has found for other mobile source categories that steady-state test
cycles often do not result in real in-use emission reductions and that ‘transient’ test cycles which
more closely mimic real world operating conditions are necessary. A transient cycle means a
combination of speed and/or load conditions which vary with time, such as the on-highway
Federal Test Procedure for light-duty vehicles or heavy-duty engines.
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During the Reg/Neg process the Agency expressed concerns regarding the ability of the
Phase 1 steady-state test cycles to adequately predict in-use emission reductions for a Phase 2
rule which would result in different engine technologies being employed. The Reg/Neg
committee established a Test Procedure Task Group to examine the existing Phase 1 test cycle
and procedure and make recommendations to the committee regarding any appropriate changes.
(Ref. 2)

The Test Procedure Task Group established by the Reg/Neg committee examined the
Phase 1 handheld test cycle and its viability as a Phase 2 test cycle. The work performed by the
Handheld Subgroup is well documented in their final report. (Ref. 3)

The Handheld Subgroup chose a Class IV chain saw as the test engine used to evaluate
the effect of transient operation on a future technology engine. The chain saw was picked
because chain saws have the highest amount of throttle activations from idle to wide open
throttle (WOT) (see Ref. 4 to this Chapter), e.g., chain saw use is considered to be the most
transient of handheld engine applications. The Class IV chainsaw was tested in a baseline
configuration and with a modified carburetor which included a leaner calibration and an
accelerator pump to simulate a ‘future technology’ engine. The Handheld Subgroup used in-field
engine operating data to determine the appropriate weighting between wide-open throttle (WOT,
e.g., maximum load) and idle conditions. For chain saws, use was 70 percent WOT, and 30
percent idle. The Handheld Subgroup chose as a representative set of transient test cycles for
chain saw operation three cycles. Of the three transient cycles, the Handheld Subgroup
determined the “20-second” cycle to be the most appropriate for chain saw applications. The
20-second cycle fluctuated between WOT and idle at a rate of 14 seconds WOT followed by 6
seconds of idle which was repeated for a total cycle time of 360 seconds, or 18 repetitions of the
WOT/idle change. The steady-state comparison cycle was a two mode test identical to the
Phase 1 handheld engine test cycle, but with weighting factors adjusted to match the specific
operating conditions of chain saws, 0.7 for the maximum power mode, and 0.3 for the idle mode.
Table 2-01 contains a summary of the relevant emission test results collected by the Handheld
Subgroup.
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Table 2-01
Summary of Results from Handheld Transient/Steady State Cycle Program

Avg. HC Avg. NOx Avg. CO
Test Engine Cycle (9/kW-hr) (9/kW-hr) (9/kW-hr)

Class IV Chain Saw w/
Accelerator Pump Steady-State 113 2.35 99

Class IV Chain Saw w/ | 20 -Second
Accelerator Pump Transient 113 1.96 109

Class IV Chain Saw w/
No Accelerator Pump Steady-Stafe 111 2.20 109

Class IV Chain Saw w/ | 20-Second
No Accelerator Pump Transient 120 2.20 89

Table 2-01 indicates that, if manufacturers choose to adopt a technology similar to that of
a lean carburetor calibration, or with lean carburetor calibrations combined with an accelerator
pum, a transient test cycle is not necessary to predict emission results at this level of control.
Anticipated technologies for meeting Phase 2 emission standards (50 g/kW-hr) include a mini-
four stroke engine (similar to nonhandheld engine designs which also concluded the steady state
test cycle was acceptable) or reduced scavenged engine (through internal redesigns) with a
catalyst. These technologies will likely not incorporate an accelerator pump as tested above and
therefore the test engine comparison may be considered worst case. Therefore, the Agency is
retaining use of the Phase 1 two-mode steady state test procedure for Phase 2 handheld engines.

In addition to examining the possible need for a transient test cycle for a Phase 2
program, the Test Procedure Task Group also examined the appropriateness of weighting factors
for the two-mode steady state cycle. The Phase 1 test procedure specifies a weighting factor of
0.90 for Mode 1 (maximum power mode) and 0.10 for Mode 2 (idle mode). The analysis and
recommendation of the industry group which studied the weighting factor issue is well
documented in their final report.(Ref. 4) A group of handheld engine manufacturers collected
field cycle data on several handheld applications: 12 trimmers/brush cutter, 4 chain saws, and 6
blowers. The industry group proposed a methodology to determine the appropriate handheld test
cycle weighting factors which determined the average WOT/idle time percentages for each

The emission results for this experimental test engine are above the Phase 2
Class IV HC+NOx standard of 50 g/kW-hr. This is due to the fact that this was
the best technology option at the time to evaluate emission results from
transient/steady state tests cycles.
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application (trimmers/brush cutters, chain saws, and blowers), and weighted these by the HC
emissions inventory impact from each application. The HC emissions inventory impact of each
application was determined by the following formula:

Emissions Inventory Impact = (TU x HU x LF x HP x EM) +TE

where,
TU = total units sold per year per application
HU = annual hours of use per application
LF = load factor per application
HP = average rated horsepower per application
EM = engine emission factor (g/hp-hr) per application
TE = total emissions per year for all applications.

The results of the analysis performed by members of the handheld engine industry
indicate that the appropriate weighting factors for handheld engines is 0.85 for Mode 1 and 0.15
for Mode 2. For the Phase 2 handheld engine final rule, the Agency is modifying the weighting
factors for Phase 2 engines to reflect the results of the analysis performed by industry. Though
these new weighting factors are only slightly different from the 0.90/0.10 values used for
Phase 1, the Agency believes the Phase 2 program is an appropriate time to make this minor
change. This is based on the fact that the EPA Phase 1 certification database shows that the
majority of handheld engine families in Phase 1 already meet the Phase 1 standards with some
cushion and therefore the calculation change to 0.85/0.15 would not cause a significant change in
the overall emission results, as related to the standard, and therefore additional technologies
would not be required to comply with Phase 1. The Phase 2 handheld engine standards are much
more stringent and the change to the 0.85/0.15 weightings would be more influential on standard
calculations.



Chapter 2: Test Cycle and Tests Procedures

Chapter 2 References

1. "Regulatory Support Document, Control of Air Pollution, Emission Standards for
New Nonroad Spark-Ignition Engines at or Below 19 kiloWatts" US EPA, May 1995,
Docket A-93-25, Item V-B-03.

2. Handouts and Notes from all Meetings of the Test Procedure Task Group held
during the Phase 2 Regulatory Negotiation are available in EPA Air Docket A-93-92.

3. "Final Report - Handheld Subgroup of the Test Procedure Task Group", Docket
A-93-29, Item [1-M-40.

4. "Hand Held Composite Duty Cycle", Dec. 30, 1994, Docket Item 11-D-18.



Chapter 3: Technologies and Standards

Chapter 3: Technologies and Standards

3.1 Introduction

Section 213(a)(3) of the Clean Air Act presents statutory criteria that EPA must evaluate
in determining standards for nonroad engines and vehicles. The standards must “achieve the
greatest degree of emission reduction achievable through the application of technology which the
Administrator determines will be available for the engines or vehicles to which such standards
apply, giving appropriate consideration to the cost of applying such technology within the period
of time available to manufacturers and to noise, energy, and safety factors associated with the
application of such technology.” This chapter presents the technical analyses and information
that form the basis of EPA's belief that the finalized emission standards are technically
achievable accounting for all the above factors. Specific areas of discussion include a basic
description of the technologies examined, current status of the technology in the existing market,
new and in-use emission performance of each technology, costs of each technology, impact of the
engine technology on equipment design and use, and impact of the technology on noise, safety,
and energy. Finally, this chapter concludes with a discussion of the finalized standards
(handheld, Class I-A and Class I-B) and how these standards meet the statutory criteria.

3.2 Technologies

Section 3.2 contains descriptions of technologies for handheld engines which include
compression wave technology (with and without catalysts), stratified scavenged with lean
combustion (with and without catalysts), four-stroke, improved two-stroke with a catalyst, and a
spark-ignition technology. Class I-A engines use the same technologies as handheld engines.
Class I-B engines use technologies similar to nonhandheld engines and are discussed at the end
of this section. At the time of this final rule, handheld engine manufacturers have begun to
certify to the California ARB standards for 2000. The current certification database, as of the
time of this rulemaking, is contained in Appendix D.

3.2.1 Compression Wave Technology (With and Without Catalyst)
3.2.1.1 Description of Technology- The compression wave technology is a

technology that has been presented to EPA by John Deere and is referred to herein as the LE
Technology. As stated in information provided by John Deere (see Docket Item IV-G-30), “(t)he
LE technology relates to a compressed air assisted fuel injection system for internal combustion
engines, specifically two-stroke engines. Its primary characteristic is in its low emission
performance, namely through almost total elimination of an unburned fuel charge during the
scavenging process of the exhaust portion of the two-stroke cycle.”

Docket Item IV-G-30 also states that the two-stroke engine containing the LE Technology
“retains a conventional piston, crankshaft and crankcase from a standard two-stroke engine.”

10
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The fuel metering system needs to be designed to perform with the engine’s needs, but does not
need to provide a high precision timing or spray quality. “The fuel injection system is a
compressed air assisted system. The injection system comprises an accumulator. The
accumulator...has an inlet connectable to pressure within the crankcase and has an exit at the
injection port. The accumulator functions as a collector and temporary storage area for
compressed air. In this configuration, the source of the compressed air is air scavenged from the
crankcase. The piston compresses the air in the crankcase on the piston’s downward stroke....
the two apertures are both provided in the cylinder, one above the air inlet and one below the air
inlet. Both apertures are piston ported. In other words, the piston head is sized and shaped to
open and close access through the apertures as the piston head reciprocates up and down the
cylinder. The accumulator... is a simple channel between the two apertures. The channel could
be partially machined into an exterior surface of the cylinder with a cap then being attached to the
cylinder to form and enclose the channel with only the two apertures. Alternatively, the
accumulator could be provided in a separate member attached to the cylinder. An exit form the
fuel metering system is located in the channel proximate the injection port.... The injection
system has minimal moving parts.... the fuel injection system uses the piston head to open and
close its ports. Timing of the opening and closing of the ports will be dependent upon location of
the ports along the length of the cylinder.”

A detailed description of the working of the technology can also be found in Docket Item
IV-G-30. The main thrust behind the technology is a compression wave, which is essentially an
acoustic wave, and thus the wave travels at the speed of sound. “As the reflected compression
wave exits the inlet (of the accumulator), it causes the fuel and air in the cylinder to be greatly
disturbed, in effect functioning as a shock wave. This helps to atomize the fuel and distribute the
fuel better in the air. In addition, the reflected compression wave assists in removing fuel
droplets that might be adhering to tips or edges of the inlet by surface adhesion or surface
tension. The compression wave shocks the fuel off of the surface and into the cylinder.”

3.2.1.2 Current State of Technology Development- John Deere has been developing
the technology on a Class IV trimmer into the 2000 calendar year. The latest California ARB
certification list (see Appendix D) for the 2000 model year includes the 25cc engine by John
Deere with this technology. In regards to other classes and applications, John Deere completed
preliminary development of the technology (in the summer of 1999) to a 70cc (Class V) Stihl
chainsaw and the latest emission levels are included in their comments to the Phase 2 SNPRM
(Docket Item IV-D-48). In addition, John Deere has submitted more recent information on two
Class IV trimmer engines and one Class V chainsaw engine equipped with the compression wave
technology (Docket Item VI-E-09).

Class V engine manufacturers have raised a number of concerns about the technology
through comments to the docket (Docket Items VI-D-08, VI-D-18, VI-E-26). The basis for the
comments by manufacturers concern the applicability of early designs (as it was developed in
winter 1999) of the John Deere LE technology to Class V engines. Concerns by the industry

11
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focused on the feasibility of the technology and included lubrication at engine operation other
than idle, smooth transitions between all engine operating modes, details of the fuel system being
unavailable and sensitivity of the fuel system to atmospheric temperature and pressure. EPA
tested the John Deere engine in its development stage as of the summer of 1999. Advancements
in the technology had been made and some address the issues raised by the Class V
manufacturers. Advancements included lubrication of the engine through limited fuel-oil-air
mixture that is brought into the crankcase during regular operation of the engine (the wider the
throttle, the more fuel-oil-air mixturg) With respect to smooth operation, the fuel system setup
had been updated from the winter 1999 prototype, however, EPA testing revealed that further
attention to the carburetor, including protection from heat, was required. The sensitivity of
emission levels to atmospheric temperature and pressure was tested on two occasions. First, on
March 1,1999, EPA observed operation of the engine prototype on the dynamometer in John
Deere’s emission test cell and requested that the operator change the CO range from 1.5to 3.5
percent CO. The HC analyzer showed a minimal change in HC emissions (ppnt’basis).
Secondly, EPA tested the John Deere engine in its summer 1999 small engine test program and
gathered emissions with engine settings varying from mid-range to rich air-fuel ratios (Ref. 7).
While the CO concentration was not measurable due to test equipment problems, the HC+NOx
emission levels changed from 51.9 g/kW-hr to 55.3 g/kW-hr The engine was also tested in its
lean and rich conditions when it was fit with a catalyst and, in this configuration, CO was
measured. The only difference seen in the emission results were the resultant CO emissions
which were approximately 40 g/kW-hr in the lean setting and approximately 90 g/kW-hr in its

rich setting. This testing revealed that the technology was relatively consistent over a range of
air-fuel ratios.

The amount of fuel-oil-air mixture that is brought into the engine crankcase can
be application specific and is easily adjustable. For example, in a trimmer
application, 15 percent of the fuel needed for engine operation can be brought in
this manner and 85 percent of the fuel can be put into the accumulator tube. A
chainsaw which runs for longer times at heavy load is able to monitor a higher
amount of fuel-oil-air with some emission penalty. However, professional
chainsaws have other internal designs that allow them to meet lower emissions
without this technology. Therefore this technology does not need to achieve the
same emission reduction (on a g/kW-hr basis) as it does with Class IV engines. If
more is needed, then a low conversion efficiency catalyst may also be used
assuming there is sufficient cooling available.

10 The overall g/kW-hr is likely less affected for the power increased as the engine

ran richer and the power decreased as the engine ran leaner. These changes
coincided with increases and decreases in measured engine-out emission levels,
respectively.
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John Deere has indicated that one of the major benefits to this technology is that many of
the existing engine designs can be utilized with few alterations. The items that will need to be
modified include the heat barrier between the engine and the carburetor (the accumulator is
mounted in the existing width), two holes in the engine cylinder for the accumulator, a “stuffer”
in one of the holes, and minor modifications to the existing carburetor. Additional cooling will
be needed by the engine and this can be achieved by adding more fins (which can be done by
decreasing the thickness of the existing fins) and widening the fins. Designs for these fins are
already available from existing commercial engine designs. Additional engine improvements
may be necessary given specific engine designs and applications.

With respect to engine power, John Deere states, in Docket Item IV-G-30, that the engine
power remains nearly the same as the Phase 1 engine without the technology. “The 25cc engine
is rated and certified at 0.75 bhp for trimmer applications and 0.85 bhp for blower applications.
Its power range is 0.60 bhp to 0.98 bhp for trimmers and 0.60 bhp to 1.18 bhp for blowers.” The
engine could be classified as either a 50-hour residential engine or a 125-hout‘engine.

3.2.1.3 Exhaust Emissions Performance- John Deere has submitted certification to
California ARB’s 2000 standards on its 25cc engine at 125 hours. The certification value for
HC+NOx is 45.6 g/hp-hr (61.1 g/kW-hr) with a 1.105 deterioration factor. The certification
value for CO is 202 g/hp-hr with a 1.341 deterioration factor for CO. In its current form, the
engine will require a catalyst to comply with the finalized emission standards for Classes Il
and IV. The catalyst efficiency can be estimated using the parameters of the in-use emission
level, deterioration factor and power rating in the California ARB certification database
(0.95hp/0.71kW), assuming a 20 percent compliance margin (therefore using a goal of
approximately 40 g/kW-hr as one to reach in prototype development), and a catalyst
deterioration of 30 percent. The new engine catalyst efficiency required on the engine is
calculated to be 55 percent or 30 g/kW-hr or 18 g/hr (g/kW-hr x power x 85 percent (weighting
of the test power for calculation of g/lkwW-hr)). However, it is possible further development of
the LE system might obviate the need for a catalyst in at least some Class IV applications.
Further, EPA believes the need for catalysts will decrease with increasing engine displacements.
This is supported through John Deere’s preliminary prototype of the technology on a 70cc Stihl
chainsaw engine, (John Deere, however, has not redesigned their own engine in Class V). In
Docket Item IV-D-48, emission results for the 70cc engiwere 50.0 g/kW-hr HC+NOx and
190.5 g/kW-hr CO. These levels fall below the standards being finalized for Class V engines.

1 John Deere produces the 25cc engine for use in string trimmers and blowers

under the Homelite brand.

12 Note that the engine design was not optimized for performance; however, it was

used to cut wood.
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3.2.1.4 Technology Cost -Cost of the technology is detailed in EPA Air Docket
Item IV-G-30. John Deere states that “(D)evelopment time for these changes is short, while
both capital and added part costs are low.” The cost of the technology includes (1) alteration to
the cylinder block consisting of the addition of two holes at the carburetor position, (2) addition
of a “stuffer” into one of the holes, (3) carburetor placer replacement which includes the tube and
attachment, and a (4) slightly modified carburétolhe variable costs estimated by John Deere
were $4.50 to $8.00 and included the incremental cost of the hardware (i.e., the accumulator,
modified fuel delivery system, modified cylinder and components) and the incremental cost of
labor (estimated to be $0.50 of the costs). John Deere states that fixed costs are estimated to
range from $75,000 to $300,000 for an engine model (these are amortized in the total cost) and a
manufacturer should approach the low end of fixed R&D costs for subsequent engines. The
licensing fee of the technology was proposed by John Deere ranging from $7.50 minimum to 5
percent of the cost of an engine over $300 in volumes of 10,000 (e.g., $20 for a model that costs
$400 and is produced in 10,000 unitsAr)Ve have adjusted some of these cost estimates to
reflect development work completed to meet California requirements; these adjustments are
detailed in Chapter 4.

For Class lll, a catalyst is@®mated to be used with the John Deere technology, resulting
in an extra cost for adding a catalyst to the engine. As mentioned above, catalysts may not be
required for all Class IV engine applications using the LE technology. John Deere has estimated
that with averaging available, approximately 50% of their Class IV applications can be certified
without using a catalyst. We would expect manufacturers to attempt to not install catalysts on
applications where catalyst usage would present the more difficult design challenge, specifically
chainsaws or similar pieces of equipment. For the cost analysis performed for this rulemaking,
we have analyzed two scenarios. The first, a “high-cost” scenario, anticipates that 50% of John
Deere’s Class IV equipment will not require catalysts but, conservatively, the rest of the
industry’s equipment will require catalysts. The second, a “mid-cost” scenario, anticipates that
the rest of the industry, as well as John Deere, will also be able to certify half of their Class IV
engines without relying on a catalyst. This assumption is supported by the high degree of cost
competitiveness claimed by the industry especially within Class 1V, suggesting that if one
manufacturer can save catalyst costs in at least some applications, others will similarly try to do
so to remain cost and price competitive. For Clhgngines, the adverse sacke-to-volume
ratio of the engines makes it more difficult to meet the 50 g/kW-hr HC+NOx standard without a
catalyst. Therefore, all Class Il 2-stroke engines are assumed to require a catalyst even if using
John Deere’s compression wave technology.

13 Additional work on developing the technology has revealed that there may need to
be some transport redesign and cooling improvements (fins, etc.).

14 However, John Deere has stated they are open to other less costly licensing offers.
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Therefore the overall variable costs for each engine class in this rulemaking is estimated
using (1) the catalyst costs (as presented in section 3.2.2.4.) based on the estimated split of
residential and commercial equipment (in Classes lll and 1V), (2) the range catalyst installation
rates (noted above), (3) the range of costs provided by John Deere (adjusted by EPA as discussed
in Chapter 4) including the full cost of licensing fees as initially proposed by John Deere, and (4)
the percentage of engine families in the high and low volume categories as determined (based on
a cutoff of 400,000 production for John Deere cost range) as determined from the EPA Phase 1
certification database. The total cost will vary due to the variation in the John Deere licensing
fee based upon equipment price and engine family production volumes.

The licensing fees are of concern to several in the industry who have stated the licensing
fees are above the profit margin for some consumer-marketed equipment. This is of special
concern to competitors with John Deere, who claim they will be disadvantaged because John
Deere will not have to pay the full royalty. Professional equipment manufacturers have
commented about concerns that the price will impose a high added cost on professional
equipment. While John Deere has indicated it expects a lower licensing fee, we do not have any
way of estimating how much lower and therefore have used the originally offered fee schedule;
this will result in an overestimation of costs if indeed the actual licensing fees are lower as
anticipated by John Deere. We also expect lower licencing fees if the cost of the fee causes the
cost of the John Deere technology to be higher than competing technology options.

The cost of the licensing fee with respect to the licensing fees of other engine
technologies, such as the Ryobi or Honda four-stroke, is unknown and therefore EPA has no
knowledge of the comparison of the costs being requested by John Deere. The cost analysis for
this rule assumes the John Deere technology costs, including licensing fees, for all engines
(including John Deere) unless we know a manufacturer plans to rely on an alternative technology
(e.g., Ryobi four-stroke) in which case the cost of that alternative technology is used. For the
cost analysis of the second catalyst use scenario noted earlier (i.e., where only 50 % of Class IV
engines using the John Deere technology employ catalysts), EPA has also assumed that John
Deere will not pay any licensing fee itself.

3.2.1.5 Impact on Equipment Desigrr- In regards to impact on equipment design, in
Docket Item IV-G-30, John Deere states that “no modifications are required to the standard
piston, crankcase and crankshaft: only small adaptations are needed for the cylinder and fuel
metering system (carburetor) and the only additional component is an accumulator, which can be
in the form of a simple channel or tube. The LE Technology can thereby be readily applied to
existing engines without substantial change to the molds and tooling of existing engine
components or housings.”

However, based on discussions of other engine designs with several Class V equipment
manufacturers, it is clear that the impact on equipment design depends on the manufacturer’'s
current product. Manufacturers that tightly house the engine, or make the shroud as an integral
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part of the engine may not have available room for the accumulator tube and therefore there may
be minimal changes to the plastic shrouding surrounding an engine. Additional cooling may also
be an issue. Any technology will likely run leaner and use less fuel/oil for cooling, so these
issues will likely need to be addressed regardless of which low emitting technology is utilized.

Installation of a catalyst may well require some redesign, in particular of the engine
shrouding to improve cooling flow past the catalyst and to provide extra shielding of the catalyst
for safety. More discussion of this is contained in section 3.2.4. of this document.

3.2.1.6 Technology Impact on Noise, Safety and Energy In Docket Item IV-G-30,
John Deere stated that “No measurements have been made to determine the impact of the LE
Technology on the sound characteristics or performance of the two-stroke engine. Observation
of the LE engines, without quantification, suggests that there is no appreciable difference in
sound levels between the engines and standard engines.” John Deere also states that “during the
testing of the prototypes, the fuel consumption of both the 25cc and 70.7cc LE engines was
measured. A reduction of approximately 30 percent as compared to conventional or standard
engines was demonstrated.” Regarding safety, a particular concern is the higher exhaust
temperatures of an engine equipped with a catalyst. More discussion on this is contained in
section 3.2.4. of this document.

3.2.2 Stratified Scavenging with Lean Combustion (With and Without Catalyst)
3.2.2.1 Description of Stratified Scavenging with Lean Combustiern The December 1998
edition of Power Equipment Trade stated that the problem with emissions from a two-stroke is
that it “use(s) the incoming fuel charge to scavenge, or expel, exhaust gases from the previous
combustion event. Unfortunately, about 30 percent of the intake charge goes out the exhaust port
with the exhaust.... Reducing these scavenging losses is the key to meeting emissions
regulations.”

Stratified scavenged engines means that the scavenging is done with something other than
the fuel/oil/air charge. The stratified scavenged engine design by Komatsu-Zenoah uses air as
the scavenging component. Potential downsides of this approach include lower power.
Advantages of this approach include lower fuel consumption and lower engine out emissions.

3.2.2.2 Current State of Technology Development Komatsu Zenoah has certified
several engines to the California ARB standards for 2000 using stratified scavenging with lean
combustion. The December 1998 issue of Power Equipment Trade contains an in-depth
description of the Komatsu-Zenoah “Air Head” technology. The engine is an industrial'®@ngine

15 The crankcase is forged in three pieces is supported by a pair of ball bearings.

The forged rod has caged needles on both ends. The top end is scalloped to
encourage lubrication of piston pin and bearing.
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which has undergone major changes to the crankcase, cylinder and carburetor. Description of the
engine technology is as follows (quotes are taken from the December 1998 Power Equipment
Trade article):

Reduced scavenging is used to keep the air/fuel mixture from short-circuiting out the

exhaust port. Komatsu Zenoah developed a simple way to stratify the incoming fuel charge with
a layer of fresh air. This “air head” creates a barrier between the fuel charge and the exhaust
port, and it leans out the air/fuel mixture in the combustion chamber.

1.

The engine uses a unique two-barrel carburetor by Walbro (special Walbro rotary valve
carburetor - key part which resembles standard WY-type carburetors). One meters fuel
and air in the usual way and the other the stratification air. Outlet pipes on the back of
the insulator block connect to pre-formed tubes (on the cylinder). Tubes carry
stratification air to transfer ports.

“To prevent scavenging losses, the carburetor’s upper barrel sends pure air directly to the
transfer ports. Each port sports an alloy cover plate equipped with a nipple for the air
hose, a reed valve, and a valve stop.”

-Pure air volume is controlled by the carburetor. “At idle the upper barrel is completely
closed. To ensure proper idle stability and acceleration, the upper barrel doesn’t open
until the throttle barrel is about 5 to 7 degrees off idle. At wide open throttle, both barrels
are wide open.”

-“The transfer ports are a closed port design. The air/fuel charge enters the transfer
channel through rectangular ports in the cylinder mounting surface. The reed valve
assembly does not affect air/fuel transfer from crankcase to cylinder.”

-“The reed valves open in (toward the cylinder). As the piston travels up, negative
crankcase pressure draws the reeds open via the transfer ports. A column of pure air fills
up the port (at this point the port’s cylinder opening is sealed by the piston skirt).”

-“As the piston comes down, the air/fuel mix is compressed and squished into the air-
rich transfer ports. Just before bottom dead center, the exhaust and transfer ports open,
the air stratified fuel charge enters the cylinder, and exhaust gases are pushed out.
Compared to standard two-stroke engines, the transfer openings are quite small. They are
aimed back, away from the exhaust port, to assure that exhaust gas, not the transfer
charge, is first out the exhaust port.”

-“Since the air/fuel mix is preceded by a cushion of pure air, very little fuel is lost out of
the exhaust port. RedMax engineers report that Air Head scavenging losses are 9
percent— a 38 percent reduction compared to conventional (Schnurle) scavenging. ”
-“Not all of the air goes out the exhaust port. Much of it remains in the combustion
chamber where it leans out the air/fuel mixture. To ensure the mixture is rich enough to
support combustion, the carb is set richer than usual.”

“The resulting air/fuel ratio is still very lean compared to conventional mixtures, and that tends to
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delay the ignition process and cause incomplete combustion.” To counter this potential problem,
Red Max did the following (information in parentheses is from SAE 980761)

1. The spark plug was moved to a straight up, dead-center location to maximize combustion
dynamics.

2. Timing and spark energy have been altered (the ignition system is now a CDI with CPU
rather than a transistor)

3. Higher compression was achieved by reducing crankcase volume

4. The combustion chamber geometry was changed. The piston is slightly domed to mate

with hemispherical combustion chamber and is fitted with two compression rings.

Also, according to SAE 980761, a crankcase reed valve is used in place of a piston valve in the
intake.

The stratified scavenged with lean combustion engine is estimated to require the use of a
catalyst for Class Ill and IV engines in order to meet the Phase 2 standards. As is the case with
the compression wave technology, there is a potential for at least some Class IV stratified
scavenged engines to be certified without a catalyst for a manufacturer taking advantage of
averaging. However, we have no manufacturer estimates of the portion of the Class IV engines
using stratified scavenging that could be certified without a catalyst. Therefore, for this analysis,
we are assuming all stratified scavenged engines use catalysts. EPA does not estimate that Class
V engines employing stratified scavenging will require a catalyst due to the likelihood that
application of the technology to larger engines results in lower emissions (as seen in Komatsu
Zenoah engine certification data from the California ARB as presented in Appendix D) and the
fact that the standard for Class V engines is higher than that for Classes lll and IV.

3.2.2.3 Exhaust Emissions Performance Komatsu Zenoah has certified their 25.4cc
and 33.6cc engines to the California ARB in-use standards. The 25.4cc engine is certified at 66
g/kW-hr for HC+NOx and 186 g/kW-hr CO at 300 hours and the 33.6cc engine is certified at
53 g/kW-hr HC+NOx and 75 g/kW-hr at 300 hours. The results show that emissions appear to
decrease as engine displacement increases and that these engines will require a catalyst in order
to comply with EPA Phase 2 standards unless further improvements to the engine are made.
With regards to testing the technology with a catalyst, EPA’s emission test data on Komatsu’s
25cc stratified scavenged engine with one medium and one medium/high efficiency catalyst
ranged from 39-28 g/kW-hr HC+NOXx, respectively. Using the data associated with the catalyst
that yielded 28 g/kW-hr, and assuming a 30 percent deterioration of the catalyst and 10 percent
deterioration of the engine, the resultant emission level in-use is calculated to be 48 g/kwW-hr.
While these results show compliance with the standards in this rulemaking, there are several
issues that need to be addressed for application of this technology itliGaddV engines.
The first is lower emissions to allow for a compliance margin with production engines and to
decrease the needed catalyst conversion efficiency (a catalyst of 58 percent conversion efficiency
(39 g/kW-hr) is used in the above example). While lower engine out emissions may be
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achievable in Class IV engines with further refinement of the engine design and the fuel delivery
system, this is of special concern in Class lll engines where tleesud-volume ratio is the

least favorable and further enleanment (than 14:1 as was used in the 34cc engine) may be
prohibited due to engine stability concerns. Second is exhaust temperature compliance with the
U.S. Forest Service temperature requirements. It should be noted however, that while EPA’s
testing of the prototype 25cc engine with a catalyst did reveal concerns of high exhaust
temperatures, observation of the current muffler/housing arrangement revealed that the design
was not optimized and there was room for improvement in its design when compared to
Tanaka’s current production version of an enleaned two-stroke engine equipped with a catalyst.

In regards to its application to Class V engines, EPA expects that the trend for decreasing
emissions (on a g/kW-hr basis) in larger displacement engines will continue due to the favorable
surface-to-volume ratios in larger engines. This is illustrated in the comparison of the new
engine HC+NOx emissions of the two engines mentioned in the previous paragraph, in which the
25cc engine yielded 64-73 g/kW-hr in EPA testing (Ref. 7) and the 34cc engine was
47.3 g/kW-hr HC+NOx (SAE 980761). This is beneficial for application of this technology to
Class V engines for the lower engine out emissions and the higher HC+NOx standard for Class V
will likely require less of an engine enleanment and not require the use of catalysts, thereby
removing any concerns for sufficient lubrication in high speed applications, such as chainsaws,
and adding no cooling requirements for a catalyst.

The December 1998 article by Power Equipment Trade states that “Despite its closed
ports and higher compression, the Air Head’s extra-lean combustion makes it less potent than
conventionally scavenged engines.” Komatsu Zenoah states that the technology as currently
developed results in a decrease in power of 7 percent.

3.2.2.4 Cost of Stratified Scavenging with Lean Combustion (With and Without Catalysty-
The December 1998 article by Power Equipment Trade states that “Red Max sets the price
impact at about 3 percent.” Discussion with a Red Max dealer in the Ann Arbor, Ml area in
January 2000 resulted in popular Class IV trimmer prices of $320 to $410 at the retail level.
Using an average cost of $365, a three percent price impact results in an estimated increase of
$10.95 at the retail level. Backing out retail markup (estimated to be 29 percent for this analysis)
results in a manufacturer cost impact of $8.50. EPA expects engine families in Glassbs/
to require the use of a catalyst. The cost for a catalyst are estimated in Section 3.2.4.4. of this
chapter. Equipment in Class V is typically more costly than those in Class IV and therefore,
assuming the 3-percent cost impact applies, the cost will be slightly more than the $8.50 cost for
Class IV noted above. EPA projects that catalysts will not be required for Class V engines.

Estimated costs for the stratified scavenged technology and improved two-stroke are
included in the 1996 Cost Study for Phase 2 Small Engine Emission Regulations (Ref. 1.).
However, a large number of components utilized in the Komatsu Zenoah design, particularly for
lean combustion, are not included in the ICF cost estimate (the Komatsu Zenoah model was not
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available at the time of the cost study) and therefore the ICF costs are not used as the basis of this
analysis.

3.2.2.5 Impact on Equipment Desigrr- Given the slight power loss, the engine size
may need to be increased, depending on the manufacturer’'s equipment designs and power
requirements. Space will also have to be made for the larger dual barrel carburetor. The Air-
Head's extra-lean combustion likely requires additional engine cooling than is provided by
current two-stroke engine designs. This can be achieved through additional engine fins and
optimally designed thinner and wider engine fins. All of these factors could result in the need for
a redesigned engine shroud. These costs are reflected in the cost estimates of Chapter 4.

3.2.2.6 Technology Impact on Noise, Safety, and Energy There are no known impacts
of this technology on the factors of noise or safety. EPA projects a 30-percent reduction in fuel
consumption based on the discussion contained in Section 3.2.3.1. Issues related to the use of
catalysts are contained in section 3.2.4. on cataly8tsle some manufacturers commented that
the potential need to increase engine displacement would add size and weight which could
compromise safefyve note that existing equipment covers a wide range of sizes and weights
which have been accommodate without compromising safe operation; we anticipate that the
same would occur for handheld equipment using stratified scavenging. We currently are
unaware of any equipment using this technology which has compromised safety due to the
weight of size of the engine compared to equipment using conventional 2-stroke engines.

3.2.3 Conversion of Handheld Two-stroke Designs to Four-stroke Designs
3.2.3.1 Description of Two-stroke and Four-stroke Technology- Spark-ignited two-

stroke technology has seen widespread use in the small engine market, particularly in handheld
equipment applications (approximately 16cc-141cc). Four stroke engines have typically been
limited to ground supported applications, such as lawnmowers and garden tractors
(approximately 84cc-1395cc). The basic operating principle of the charge scavenged two-stroke
engine (traditional two-stroke) is well understood; in two strokes the engine performs the
operations of intake, compression, expansion and exhaust, which the four-stroke engine requires
four strokes to accomplish. Two-stroke engines have several advantages over traditional four-
stroke engines for use in handheld equipment: high power-to-weight ratios; multi-positional
operation; and lower manufacturing costs. Additional information on the basic operation of two-
stroke and four-stroke engines is widely available in the literature, including the references listed
at the end of this chapter.(Ref. 1), (Ref. 2), (Ref. 3)

3.2.3.2 Current State of Four-stroke Handheld Engine Technology Developmenrt In
recent years, the four stroke designs have drawn the interest of some handheld manufacturers due
to the four-stroke’s lower HC exhaust emissions and better fuel economy than two-stroke
designs. At least three handheld engine/equipment manufacturers, Ryobi, Honda and Robin
America, have designed and are manufacturing, or plan to manufacture, Class IV (20cc-50cc)
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overhead valve four-stroke powered equipment in the U.S. The major equipment using Class IV
four-stroke engines are trimmers/edgers/cutters, pumps, generator sets afid til&i898,

EPA observed the operation of a four-stroke engine in a chainsaw and believes that this will
come to the marketplace for consumer use equipment in the near future.

The manufacturers of mini four stroke engines have made improvements over the initial
“scaling down” of the four stroke engine, by Ryobi in 1994, and have gained ground in the
power-to-weight ratio, multi-positional use and manufacturing cost benefits of two-stroke
engines. However, the four stroke technology has not yet been demonstrated as able to cover the
smallest (<20cc) or the highest range of two-stroke engine sizes (100cc+). Particular challenges
include improving and continued downsizing of the technology to improve power-to-weight
ratios and improvements in acceleration performance. We are optimistic that miniaturization of
four-stroke technology can proceed directly from the most recent work done to miniaturize the
Class IV engine. Particularly interesting are the newer mini four-stroke engines which are lighter
in weight than the initial Ryobi engine design and can handle high speeds as has been shown to
EPA in a Class IV four-stroke chainsaw application. The concern of acceleration in the larger
engines may be addressed in the future by engine manufacturers.

3.2.3.3 Exhaust Emission Performance of Four-stroke Technology Prior to the
introduction of the Ryobi four-stroke handheld engine in 1994, no handheld four-stroke engines
existed, therefore, no exhaust emission data on uncontrolled engines is available. Federal 1998
Phase 1 certification data (new engine emissions) for the Ryobi 26.2cc four-stroke engine shows
the new engine HC+NOx emission rate is 37.6 g/kW-hr. The most recent California ARB
certification list for their in-use emission standards reveals that Ryobi has certified three 26.2cc
engines as low as 11.1 g/hp-hr HC+NOx (14.8 g/kW-hr) at 50 hours and 15.8 g/hp-hr HC+NOx
(21 g/kW-hr) at 300 hours, both of which are well below EPA’s Phase 2 standards. Honda has
certified three four-stroke engines (22cc, 31cc and 49cc) at 31, 34.1 and 15.7 g/kWh respectively
to EPA’s Phase 1 standards for HC+NOx. The California ARB certification list shows that the
31.1cc engine in-use emission result is 30.5 g/hp-hr (40.9 g/kW-hr) and the 49.4cc engine in-use
emission result is 19.0 g/hp-hr (25.4 g/kW-hr), which are both below EPA’s Phase 2 standard.
Both of these engine families were certified to 300 hours. No information is yet available for the
22cc Honda engine. Lastly, Fuji Robin has certified a 24.5cc four-stroke engine to California
ARB standards and it is certified at 12.7 g/hp-hr (17 g/kW-hr). The range of equipment indicated
by the engine manufacturers includes brushcutters, trimmers, generators, pumps and tillers.

The HC+NOx deterioration rates for the four-stroke engine designs listed in the
California ARB certification database are listed for some manufacturers. Fuji Robin lists the
HC+NOx deterioration rate at 1.089 (at 125 hours). Honda lists the deterioration rate at 1.427

16 As indicated by the manufacturers in the Phase 1 certification database as of

September 1998.
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for the 49.4cc engine and 1.64 for the 31.1cc engine (both certified at 300 hours). Using the EPA
Phase 1 new engine certification information and the ARB in-use certification information, the
deterioration rate for the Ryobi 26.2cc engine is calculate to be 1.24 (at 50 hours). The
deterioration factors of the mini four-stroke engines fall within the expected deterioration rates
based on larger OHV engines in Class | and Il (1.4 for OHV in Classes | and Il) which are
certified at 125 hours. The increased mechanical friction in the smaller engines and the less
favorable surface-to-volume ratio in the combustion chamber contribute to the larger
deterioration factors of smaller four-stroke engine designs.

3.2.3.4 Costs of Four-stroke Handheld Engine Technology The costs of converting
handheld two-stroke to four-stroke technology was estimated by ICF in their 1996 report (see
reference 1 to this Chapter). ICF included as part of their cost analysis a tear down and
comparison of a Ryobi two-stroke engine and the Ryobi four-stroke handheld engine. ICF
estimated costs for two annual production sizes, 90,000 and 400,000 units per year, which they
estimated as typical for the handheld industry. Ryobi provided its own cost estimates in
response to the SNPRM (Docket Item IV-D-47). Table 3-01 summarizes the cost information
developed by ICF and compares it with the very similar estimates from Ryobi. Echo, another
small Sl engine manufacturer, also provided an estimate of the cost of converting to four-stroke
technology of $10.00 in discussions with EPA. (Docket Item IV-E-79).

Table 3-01
Summary of per Engine Cost for Conversion of Handheld Two-stroke
Technology to Four-stroke Technology (data from ICF, 1996 and Ryobi)

Engine Family Annual Engine Family Annual

Cost Item Production = 90,000 Production = 400,000
Additional Parts Estimate $8.88 $8.88
Additional Labor + Overhead $1.05 $1.05
Fixed Costs $4.09 $1.73
Total $14.02 $11.66
Ryobi Estimate $15.00 $10.00

(less than 1 million) (1 million or more)

It should be noted that, while ICF utilized 90,000 and 400,000 as representative engine
family productions in their 1996 study, production estimates contained in EPA’s 1998 Phase 1
certification database shows that 88 percent of the 183 engine families (Qlaksesgh V)
have productions under 67,000 (mean=5,200), only 8 percent have productions near 90,000 and
only 4 percent of the engine families have productions above 190,000. As stated in the report by
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ICF (ICF, 1996), ICF “anticipate(s) that the small engine manufacturer may make certain

decisions to reduce the costs of this conversion, such as purchasing the four-stroke engines from

a larger handheld engine manufacturer. On balance between savings both capital and engineering
labor and the need to purchase the engines, the small manufacturers may realize a modest savings
over manufacturing the engines themselves.” EPA is extending this assumption to small-volume
engine families produced by larger manufacturers. EPA therefore expects most engine
manufacturers with smaller engine families to choose another technology due to the cost-
effectiveness of this optiéh

3.2.3.5 Impact on Equipment Design from Use of Four-stroke Handheld Engine Technology
-- The conversion of two-stroke to four-stroke technology may likely have some impact on the
design of handheld equipment. Impacts of the new four-stroke designs include the redesign of
the shroud design around the engine, replacement of the fuel/oil tanks and air cleaner as well as
potentially lower power-to-weight ratios in some engine sizes.

The lower power-to-weight ratios would likely not be noticeable to consumers using
applications such as lower power residential string trimmers, brush cutters, edgers, blowers,
portable generators, and portable pumps. The Agency has heard from handheld engine
manufacturers that for engines in the fractional to approximately 1.5kW range, residential users
typically do not use the full power rating of the engines to perform the intended work. Therefore,
the Agency believes four-stroke designs could be competitive from a performance perspective
with two-stroke designs in this power range.

However, in larger displacement, higher power engines, the potential power-to-weight
disadvantage of the four-stroke engine could become noticeable, and, if so, could impact the user
through fatigue from the added weight of the engine, thus potentially limiting the functionality of
the equipment. The high powered commercial chainsaws in the Class V category (displacement
>50cc) are typically designed for maximum power per cubic centimeter of displacement. In
these categories, the four-stroke engine could present a performance problem for users. Two
handheld manufacturers have specifically commented that acceleration of the four-stroke engine
is a concern in larger engines; both of these companies have either produced or examined the
possibility of producing four-stroke engine use.

One benefit of the traditional four stroke engine design is that the consumers would no
longer need to pre-mix fuel with two-stroke oil. However, consumers would need to maintain
crankcase oil levels at an acceptable level, and perform periodic oil changes. The cost impact of
4-stroke oil use (and maintenance) compared to 2-stroke engines we anticipate will be available

1 Manufacturers might choose to manufacturer four-stroke engines if their engine
families have many similar components and total a significant number of sales to
make four stroke production cost-effective.
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is negligible.

3.2.3.6 Impact on Noise, Safety, and Energy of Two-stroke to Four-stroke
Conversion-- The Agency expects the conversion of two-stroke to four-stroke designs would
lower the noise levels from handheld equipment. Two-stroke designs are well known for their
relatively high noise levels as compared to four-stroke engines. A large source of noise from
two-stroke designs comes from pressure pulses generated by the exhaust gas at the exhaust port.
These pressure pulses tend to be higher in a two-stroke design compared to four-stroke engines
because the two-stroke engine requires the higher cylinder pressure to begin the blow-down
process (se€hapter 2 “Engine Fundamentals”, Patterson, 1972, Ref. 15 to this Chapter).

The Agency would expect no adverse change in the safety of handheld equipment from
the conversion of two-stroke to four-stroke designs. As discussed previously, the overall design
and use of handheld equipment would not change from the conversion to four-stroke engines, so
no change is expected with regards to safety. In addition, the Ryobi 4-stoke handheld equipment
has been available for several years, and the Agency is not aware of any safety problems which
have occurred from this equipment which can be attributed to the engine type. One area of
potential concern is with the increased weight of this four-stroke engine design and extended user
use of the product. However, recent four-stroke engine designs, for the Class IV trimmer market
in which they have been used, have been advertised at weights comparable to their two-stroke
counterparts. No catalysts are needed on 4-stroke engines to comply with the Phase 2 standards,
so catalyst shielding and elevated exhaust temperatures are not a concern.

However, most, if not all, handheld four-stroke engines have not been extended into Class
V in the marketplace. The power-to-weight ratio and acceleration of a four-stroke engine in
Class V has been raised as a concern by engine manufacturers that manufacture four-stroke
engines. This area raises the only potential safety concerns that may need to be considered in the
application of this technology.

The Agency would expect significant improvements in the fuel economy from the
conversion of two-stroke to four-stroke designs. The loss of fuel from the scavenging process for
two-stroke engines results in poor fuel economy which the four-stroke design does not
experience. Compared to a typical Phase 1 technology two-stroke engine, the four-stroke engine
is expected to achieve about a 30 percent improvement in fuel economy based on information
supplied by Ryobi).

3.2.4 Application of Catalytic Convertors to Handheld Engines
3.2.4.1 Description of Catalyst Technology- Catalytic convertors are add-on devices
used to lower exhaust emissions from engines after they exit the combustion chamber. Typically,
a catalyst consists of a ceramic or metallic support (often called the substrate), that is coated with
a wash-coat which contains catalytic material (typically a rare-earth element such as platinum,
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rhodium and/or palladium). The catalytic material initiates a chemical reaction which can,
depending on the catalyst material chosen, oxidize hydrocarbons and carbon monoxide, and/or
reduce oxides of nitrogen.

Additional information regarding the fundamentals of catalytic convertors, and
information specific to catalyst and small engines can be found in “Report - Exhaust Systems
Subgroup of the Technology Task Group”, a report published by a task group established during
the Regulatory Negotiation for Small Engine Phase 2 Rulemaking.(Ref. 4)

3.2.4.2 Current State of Catalyst Technology Developmeni- Historical data indicate
that catalysts have seen limited use on small engines in the U.S. Prior to EPA or California ARB
small engine regulations, catalysts were used in limited numbers, on some types of indoor
equipment such as indoor propane fueled floor buffers (also called floor burnishers), but no
handheld applications utilized catalyst technotégy

Today, Husqvarna has certified several engine families using two-stroke technology with
a low-efficiency cataly$t. These Husqvarna families have been developed for string
trimmer/brush cutter applications and are currently being sold in the U.S. and Europe. The
catalyst technology on these engines is of a unique flat plate design rather than the honeycomb
design used in automobiles. The catalyst was added to the engine only after emission reduction
improvements were made to the engine. Emissions had to be reduced from the engine such that
the catalyst conversion efficiency could be sufficient to reduce emissions notably and also remain
below the temperature limit requirements set by the U.S. Forest Service, as will be discussed
later in this section. The engine went under a number of design changes as is described in
MECA’s NPRM comments to the docket(Ref. 5) “First, Husqvarna reduced the crankcase
volume which increased crankcase pressure. The increased crankcase pressure, combined with
the higher back pressure in the muffler, made it possible to optimize the intake cycle and fuel
retention. Second, the carburetor was equipped with adjustment caps to prevent it from being set
too rich. Third, the remaining unburned fuel and other gas components were converted by a
lightweight catalytic converter (10 grams). The standard metal baffle in the muffler was replaced
with a special metal plate treated with a catalytic coating. The converter has low mass which

18 Chainsaws with catalytic converters have been sold in Europe; however, these
models have not been sold in the U.S. and, according to their manufacturer,
currently do not meet the U.S. Forest Service temperature limits.

19 As MECA’s comments to the NPRM in March 1998 indicates, “For handheld
engines, the types of engine design changes needed to allow a catalyst to achieve
30 to 50 percent efficiency at the end of the engine’s useful life are well illustrated
by the design changes made by Husgvarna.” The exact conversion efficiency of
the Husqvarna catalysts are not readily known.
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ensures lower heat retention than earlier versions. Finally, the muffler contour was redesigned
such that cooling air flow was optimized to minimize surface temperatures.” However, based on
the certification levels of Husqvarna'’s currently certified engines equipped with catalysts as
presented in Table 3-03 (which range from 155 g/kW-hr to 184 g/kW-hr HC+NOx on a new
engine), it can be seen that more internal improvements are needed to meet EPA’s finalized
Phase 2 standards. A letter from MECA to EPA on October 19, 1998 states that there are an
estimated 300,000 Husqgvarna catalyst-equipped two-stroke engines in equipment for sale in the
US and Europe.

3.2.4.3 Exhaust Emission Performance of Catalysts Several sources of information
exist on this topic. They include the report entitled “Report - Exhaust Systems Subgroup of the
Technology Task Group” (Ref. 10), data from catalysts used on Husqgvarna engines that are sold
in the marketplace(Ref. 6), EPA test data on Phase 2 engine technologies (Ref. 7) and the most
recent California ARB certification data (Ref. 8).

The Exhaust Systems Subgroup of the Technology Task Group Report contains a
summary of new engine data on the HC and NOx reduction potential from the application of
traditional honeycomb catalysts to two-stroke and four-stroke small engines, see Table 3-02. The
majority of these engines were uncontrolled or Phase 1 technology gasoline engines with a
prototype catalyst added on.

Table 3-02
Observations of Emission Changes with Catalysts
(Exhaust Systems Subgroup of the Technology Task Group Report)

Engine Design HC Class IV Engine NOXx Class IV Engine
Emission Range for Emission Range for
HC (g/kW-hr)* NOx (g/kW-hr)*
Four-stroke 40-80% dec range: 15.7-37.6 | 20-80% dec range: 0.7-2.7
avg: 29.6 ] avg: 1.7
25-50% inc
Two-stroke 20-80% dec range: 96.7-235 | 10-20% dec range: 0.3-3.1
avg: 181 avg: 0.94
up to 40%
inc

* - Emission data is from EPA’s Phase 1 certification database as of September 1998 and not
the Exhaust Systems Subgroup Report

Husqgvarna is the first manufacturer to show the feasibility of catalyst use on handheld

26



Chapter 3: Technologies and Standards

equipment in the US marketpldte Husqvarna has certified several engine families under
EPA’s Phase 1 program which utilize a low efficiency flat plate catalyst on two-stroke engines.
The engine has incorporated at least one internal engine improvement in addition to use of a
catalyst. The information in Table 3-03 is from the EPA Phase 1 certification database and is
from the rich setting of the carburetor.

Table 3-03
New Husqvarna Phase 1 Certification Engines
With Catalysts Class IV Trimmer/Edgers (g/kW-hr)

Engine Family Power Displacement HC (6{0) NOx
XHVXS.0254EB 0.86kW 24.5cc 181.9 622.3 0.3
XHVXS 0274 EA 0.9kwW 25.4cc 183.9 663.1 0.2
XHVXS.0314EA 1.07kw 30.8cc 157.0 551.2 0.2
XHVXS.0364EA 1.31kwW 36.3cc 154.5 595.8 0.3

During the summer of 1999, EPA tested the John Deere LE engine and the Komatsu
Zenoah stratified scavenged with lean combustion engine with and without catalysts (Ref. 7).
John Deere provided one catalyst for testing and three catalysts provided by a major catalyst
manufacturer were tested on the Komatsu Zenoah engine. Optimization of the catalyst
conversion efficiency and heat management were not of concern in this testing. The emission
results are summarized below. Note that additional repeat tests were not included.

20 Several catalyst-equipped chainsaws are sold in the European marketplace, since
Europe has no temperature restrictions due to use of the professional equipment in
winter weather and conditions that are not representative of those in the U.S.
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Table 3-04
EPA Emission Testing of John Deere’s Compression Wave
With and Without a Catalyst (g/kW-hr)
Tests 99-8695 to 99-8700 (Ref. 7)

Tests HC NOx CcO

Baseline engine (w/o Catalyst) results 50.5 1.26 124

(average of 2 tests)

With Catalyst - Engine on Lean Setting 20.6 1.75 40

(average of 2 tests)

With Catalyst - Engine on Rich Setting 19.5 1.07 95

(1 test)

% Decrease with Catalyst (lean/rich) 59.2/61.4 -39/15.1 67.7/23.4
Table 3-05

EPA Emission Testing of Komatsu Zenoah'’s Stratified Scavenged with
Lean Combustion With and Without Catalysts (g/kW-hr)
Tests 99-8673 to 99-8680 (Ref. 7)

Tests HC NOx CcO
Baseline engine (w/o Catalyst) results 71.2 1.29 221
(average of 2 tests)

With Catalyst SU00895 39.07 0.947 116.3
(average of 3 tests)

% Decrease with Catalyst SU00895 45.1% 26.6% 47.4%
Baseline engine (w/o catalyst) results 68.3 1.28 201
With Catalyst SU00908 38.5 0.62 113
(average of 3 tests)

With Catalyst SU00910 27.9 0.61 95
(average of 3 tests)

% Decrease with Catalyst SU00908 43.6% 51.4% 43.8%
% Decrease with Catalyst SU00910 59.2% 52.2% 52.7%

The California ARB certification data as of January 12, 2000 contained information on
several engines with catalysts. In addition, it contained information on a Stihl 27.2cc engine
which was certified with and without a catalyst, both at 50 hours. The HC+NOXx emissions from
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the engine without a catalyst were 102 g/hp-hr (137 g/kW-hr). The HC+NOx emissions from the
engine with a catalyst were 42.5 g/hp-hr (57 g/kW-hr). Based on these results, the catalyst
efficiency with respect to HC+NOx emissions is calculated to be 58 percent. The deterioration
factor for the engines indicated in the California ARB certification is 1.0, both with and without
the catalyst. Other certification engines with catalysts have indicated HC+NOx deterioration
factors ranging from 1.0 to 1.281 at certification useful lives up to 300 hours.

Additional catalyst deterioration is available from MECA's letter of October 19, 1998.
The data shows results of one two-stroke Husqgvarna trimmer with a catalytic converter plate with
an acoustic muffler after 300 hours. Results are an HC deterioration factor’6{Ref06). As
noted in the previous paragraph, engine manufacturers have not claimed such high deterioration.
Deterioration of catalyst efficiency is caused from several mechanisms, including the physical
deterioration of the substrate from mechanical shock, vibration, and extreme temperatures, and
the deactivation of the catalyst material from chemical poisoning (such as sulfur). Catalysts on
Phase 2 technology engines, such as four-stroke, stratified scavenged with lean combustion or
compression wave technologies, are anticipated to experience less deterioration due to the fact
that there is significantly less unburned fuel and oil flowing through the exhaust pipe, and
therefore through the catalyst. Lower engine out emissions should result in less catalyst
deterioration as well.

The limiting factor for achieving the maximum conversion efficiency will be the ability
of the engine manufacturer to manage the heat generated by the catalyst such that the certain
measurement points relating to the application meet the temperature limits set by the U.S. Forest
Servicé’ Testing of the redesigned Tanaka 39.8cc two-stroke engine with a catalyst (used in a
trimmer) by EPA in the summer of 1999 (Ref. 7), showed that the catalyst (and presence of such)
resulted in a conversion of 67 g/hr HC. Based on the California ARB certification data of
45.11 g/hp-hr (60.5 g/kW-hr) for this 1.6 hp (2.14 kW) engine, comparison of 67 g/hr reveals this
is a medium-high conversion catalyst. Temperature measurements on the equipment (Ref. 7)
reveal that it is slightly below the exhaust gas plane temperature requirement of the U.S. Forest
Service. lItis also likely below the exposed surface plane temperature specified by U.S. Forest
Service. Only the muffler skin surface temperature was obtained, but EPA believes this will

21 Engine manufacturers who have worked with catalysts have indicated that

catalysts are more emission durable in-use than indicated here.

22 As of May 1999 it is known that industry has visited the U.S. Forest Service to

discuss with them the applicability of the temperature limits to an engine with a
catalyst (it is understood that the limits were set on an engine without a catalyst).
The manufacturers are planning to conduct testing to verify if there are any
specific concerns of temperatures on engines with catalysts that are not currently
covered by the U.S. Forest Service requirements.
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meet the temperature requirements because of the large distance between the muffler skin and the
exposed surface plane. For application of this engine in a trimmer, Tanaka has designed the
equipment shroud a significant distance away from the muffler and has also placed the muffler
outlet at the top of the muffler which is also some distance away from the shroud outlet. The
shroud is also designed to allow maximum cooling from the environment due to the large mesh

like design of the shroud around the muffler. Techniques such as pulling cooling air into a
passage at the exit of the muffler and adding additional shrouding around the muffler are

additional ways to allow the use of higher efficiency catalysts.

However, the amount of heat that must be dealt with in handheld applications is
dependent on size, application, ability to reduce the engine out emissions and ability of the
engine to handle additional heat. Relating to size, if the exhaust pollutants, in g/lkW-hr, were the
same on varying size engines (20 to 90cc for example), the larger size engines (higher kW)
would generate a higher amount of heat due to the amount of exhaust flow from the engine which
must be converted by the catalyst. Therefore, in order to reduce the heat from the catalyst, the
catalyst’s percentage conversion efficiency must be reduced or the amount of unburned HC and
CO coming out from the engine needs to be reduced. The ability to reduce engine out emissions
is the major factor in the percentage efficiency catalyst that can be used on an engine. Favorably,
the larger the engine, the easier it is to lower the emission rate per amount of work (i.e., g/kW-hr)
tending to offset at least part of the exhaust mass flow rate (i.e, g/hr) with larger engines. An
engine that is of four-stroke design or incorporates some form of stratified scavenging with lean
combustion and related internal engine improvements, will also have lower engine out emissions
than Phase 1 engine designs. The catalysts can then achieve higher efficiency conversion for
they are converting a reasonable amount of pollutants in the exhaust stream, and thereby the heat
produced is manageable.

Lastly, relating to the ability of the engine to handle additional heat, Phase 2 engines will
have significantly less fuel cooling (due to enleanment or changes in fuel/oil flow inside the
engine) than current Phase 1 designs and therefore will depend more on air cooling. To the
extent that the forced air cooling (e.g., via a fan design) passes over the engine fins for engine
cooling, less cooling capacity may be available for the muffler as well. In addition, the engine
with a catalyst will be exposed to some heat from the catalyst. Thus, cooling redesign will need
to consider extra cooling due to higher engine combustion temperatures, potential for heat
transfer to the engine from a close-coupled catalyst and finally the cooling of the exhaust system.
To EPA’s knowledge, manufacturers of low emitting two-stroke engine designs with enleanment,
such as compression wave technology by John Deere or stratified scavenged with lean
combustion by Komatsu Zenoah, have not fully addressed issues relating to application of
catalysts to these designs which are currently being certified with the California ARB without
catalysts. It has been indicated by one manufacturer that engine redesign will be necessary to
minimize and accommodate the heat that is created by the use of a catalyst. For those engines
being certified to California ARB standards with a catalyst, some potential additional cooling
design might be necessary if engines run leaner to meet EPA’s Phase 2 standards. This
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phenomenon will have to be examined on a per engine family basis. Relating to application,
blowers have much more cooling air available to them than other applications and therefore can
handle a higher temperature catalyst.

For the standards being finalized, EPA assumes that a medium to a medium-high
efficiency catalyst will be used on the majority of engines in Cldisasd for a portion of the
engines in Class 1V, since the standards presently cannot be met solely with the technologies of
compression wave or stratified scavenged with lean combustion technologies. Engines with the
four-stroke engine technology need not employ a catalyst. Engines in Class V will be able to
meet the finalized standards using the engine technologies noted previously, and therefore not
employ a catalyst.

3.2.4.4 Costs of Catalysts- Costs are available from three sources and include (1)
the ICF 1996 report (seeference 1 to this Chapter - the costs of applying a catalyst to a two-
stroke engine were estimated), (2) MECA’s comments submitted in the response to the January
NPRM, and (3) Echo’s comments to the SNPRM (Docket Iltem 1V-D-37).

The 1996 ICF report presented costs on application of a catalyst only to four-stroke
engines. The Agency estimates the costs of applying a catalyst to a four-stroke engine would be
similar, particularly for the engineering research and development work. ICF’s analysis
considered the costs for both a metallic honeycomb substrate and for a ceramic honeycomb
substrate, with the estimated cost of a metallic substrate being higher. (The catalyst used on the
Husgvarna E-TECH engines discussed earlier, is a metal plate catalyst, which is simpler and less
expensive than a metallic honeycomb catalyst.) Table 3-06 is a summary of the cost information
contained in the 1996 ICF report for application of catalysts to two-stroke engines.
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Table 3-06

Summary of per Engine Cost for Application of a Catalyst
to a Handheld Two-stroke Engine (data from ICF, 1996)

Engine Family Engine Family Engine Family Engine Family
Annual Production| Annual Production| Annual Production| Annual Production
= 90,000, ceramic| = 90,000, metallic| =400,000, ceramiq =400,000, metallic]
honeycomb honeycomb honeycomb honeycomb
Cost Item substrate substrate substrate substrate
Catalyst $4.00 $8.00 $4.00 $8.00
Catalyst
Assembly
Labor $0.58 $0.58 $0.58 $0.58
Catalyst Fixed
Cost $1.20 $1.20 $0.30 $0.30
Muffler/ Heat
Shield
Hardware Cost $0.90 $0.90 $0.90 $0.90
Muffler/ Heat
Shield Fixed
Costs $0.98 $0.98 $0.24 $0.24
Total $7.66 $11.66 $6.02 $10.02

MECA provided NPRM comments on the cost of catalysts (Docket Item 1V-D-13), of
several conversion efficiencies, for Class IV. Table 3-07 presents a summary of the data supplied
by MECA. MECA states that the costs may decrease over time if catalyst technology is
encouraged to develop. MECA's cost estimates do not include a number of costs including other
costs of the catalyst system (as shown in Table 3-06), the production steps to install the catalyst,
or related components on the engine.
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Specific HC+NOx Conversion Efficiency per Class

Table 3-07
Summary of MECA per Engine Cost Estimate for Catalyst of

Units of Class IV Class IV Class IVIV Class IVIV Class IV

Production 1.0hp 2s 1.0hp 2s 1.7hp 2s 1.7hp 2s 0.85hp 4s
cat eff 40%- cat eff 60%- cat eff cat eff cat eff

>20%* >30% 40%->20% 60%->30% 40%->20%

Engine new Engine new Engine new Engine new Engine new
172g/kW-hr 172g/kW-hr 172g/kW-hr 172g/kW-hr 54 g/kW-hr

5,000 - - $6.28 $6.83 -

10,000 $6.25 $6.33 - -- $4.72

several $4.13 $3.50 $4.03 $3.83 $3.05

million

* - Note: the range of efficiency represents catalyst new and catalyst used

Combining the catalyst cost from Table 3-07 and the labor, fixed and hardware costs from
Table 3-06, the cost of adding a ceramic honeycomb substrate catalyst to an engine could range

from $5.52 (industry wide, several million units) to $8.35 (5,000 to 10,000 units for one catalyst
manufacturerf depending on the conversion efficiency of the catalyst, engine out emissions and
volume of industry usage. Echo provided comments in their response to the SNPRM (Docket

Item IV-D-37)

that their estimate for the cost of a catalyst system including the holder, shrouding

and cooling requirements is approximately $15.00. (For a discussion of the catalyst cost
assumptions for the final rule cost analysis, see Chapter 4.)

The co

sts shown in Tables 3-06 and 3-07 account only for the cost of adding a catalyst to

a Phase 1 technology two-stroke engine, not for internal improvements that are necessary to the
engine. Internal engine improvements are necessary in order to lower engine out emissions and
increase engine out in-use durability prior to the application of a catalyst. Total costs for various
technologies to employ a catalyst are discussed in three respective sections (Sections 3.2.1.4,
3.2.2.4 and 3.2.3.4).

catalysts cont

3.2.4.5 Impact on Equipment Design and Use of Catalyst Conversion of pollutants by
ained within the muffler result in increased exhaust gas and muffler skin

23

MECA provided the estimate of several million based on the concept that it was

an industry-wide market, not engine family specific. The cost estimate for 5,000

and 10,000 is based on engine family annual volume. EPA is assuming that this
can also be interpreted to mean that 5,000 or 10,000 is the only volume that the

catalyst manufacturer sees from the industry.
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temperatures. The amount of improvements needed by the equipment will be governed by the
degree of cooling required by the engine with the new technologies, specifically catalysts. The
following paragraphs describe the test data on catalyst temperatures on Phase 2 technology
engines and then describe the likely impact on equipment.

Test data on temperature measurements with and without catalysts were collected by EPA
in its testing of the John Deere LE engine and the Komatsu Zenoah stratified scavenged with lean
combustion engine with and without a catalyst. Both the John Deere engine and the Komatsu
Zenoah engine tested by EPA were prototypes of the designs currently certified by the
manufacturers with the California ARB for the 2000 model year. Therefore, the absolute
temperature results are not necessarily indicative of the currently certified engines. However, the
effect of the catalyst on temperatures is useful information, especially if a base equipment design
(i.e., the equipment without a catalyst) is close the U.S. Forest Service temperature requirements.
Testing included temperature measurements to determine the amount of temperature increase
with an associated catalyst conversion efficiency specific to these engine technologies. The
following results are taken from Reference 7. It should be noted that while EPA did attempt to
test according to the U.S. Forest Service test requirements, the EPA laboratory where the testing
was performed is not officially licensed to do this test and it was the first time that these tests
were conducted at the laboratory, and they are therefore considered preliminary. In addition, in
many cases, it was discovered that the muffler skin temperatures were taken in error when it was
to be the exposed surface plane temperature as outlined in the test guidelines. However, the
increase in temperatures, between catalyst and non catalyst use is still noteworthy.

The prototype John Deere LE engine was tested without and with a catalyst. The catalyst
used in the testing was one which was provided by John Deere and contained a long tube
attached to the muffler outlet. Therefore, exact exhaust temperatures are not available for
comparison. In testing, the plane for the exhaust gas temperature on the baseline muffler was
approximately 3/4 of an inch away from the exhaust muffler outlet. The exhaust gas
temperature on the catalyzed muffler was measured 3/4 of an inch from the opening of the tube,
which was 2.16 inches long from the muffler surface. These temperatures are not taken in the
same respective place and therefore cannot be directly compared. The shroud had also been
removed during previous tests in the EPA test program. The results of the testing show that the
cylinder temperature rose approximately 10° C with the use of the catalyst, the muffler skin
temperature rose approximately 20° C with the use of the catalyst, and the exhaust gas
temperature rose approximately 147° C. (As noted above, the exhaust gas temperature
measurement placement was not at the same location in the base engine and the catalyzed engine
tests.)

Temperature measurements for the Komatsu Zenoah Air Head Engine were also obtained
during the EPA test program both on the base engine and the engine equipped with three
different catalysts. The thermocouple placement for the exposed surface plane was not correct
for the test and therefore no exposed surface plane temperature data is available. However,
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exhaust gas plane temperature and muffler skin temperature data were gathered. Complete
results of the testing are available in the final test report.(Ref. 7) For the engine tested with the
first catalyst (catalyst SU00895), the test results show an increase in engine cylinder temperature
of 17-25° C due to the catalyst, an increase in exhaust gas temperature of 67-115° C due to the
catalyst, and an increase in muffler skin temperature of 14-50° C due to the catalyst. For the
engine tested with the second catalyst (catalyst SU00908), the test results show an increase in
engine cylinder temperature of 7-9° C due to the catalyst, an increase in exhaust gas temperature
of 85-100° C due to the catalyst, and an increase in muffler skin temperature of 66-97° C due to
the catalyst. (Data for an additional catalyst are not presented here due to concern over the
validity of the test data..)

A 40cc Tanaka engine, which incorporated internal engine redesign and a catalyst, was
also tested by EPA in the summer of 1999 (Ref. 7.) and the outer design of the muffler and
engine shroud was noted. The design was found to incorporate several unique changes when
compared to other conventional engine designs. First, the muffler exhaust is on top of the
muffler and points to the side of the engine housing. Second, the engine housing shroud exhaust
area is placed on the side of the muffler housing some distance away from the muffler exit.

Third, the engine’s plastic shroud incorporates wide open slots around the muffler. These
changes are possible on equipment such as trimmers and blowers, which allow for extra room
around the muffler and whose engine shroud need be designed to keep a relatively small amount
of debris away from the muffler. However, the application of all of these changes will likely
require adjustment when an engine manufacturer is addressing a chainsaw.

Applications with less available space for extension may incorporate internal design
changes to the mufflers. Internal redesign may include passages for additional air flow to the
exhaust gas stream in order to decrease the exhaust gas temperature. This may be done through
changes in the internal design of the muffler and/or the addition of an outer skin to the muffler
which would make the muffler larger than its current size and therefore require engine shroud
redesign. The shroud around the muffler may need to be extended in order to provide room for
the addition of heat shielding or other safety shields to protect the engine and the user from
excessive muffler skin temperature.

Extra cooling will likely be required by the engine as well to assure it does not seize due
to less fuel cooling and presence of an additional potential heat source (a closely coupled
catalyst). This may require a larger engine fan and redesigned engine fins which may require
expansions in the engine shroud design. The path of air cooling may also need to be designed in
the engine shroud.

The addition of a catalyst would also add weight to the engine, however, the added
weight would likely be negligible compared to the dry weight of the engine and equipment. For a
metal plate design, such as that used by Husqvarna, the catalyzed plate replaces an existing baffle
plate in the muffler so weight would not be increase appreciably. For an add-on to a muffler, the
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weight of the catalyst and housing will depend on the size of the catalyst. EPA estimates this
weight to be 50 grams or less. This compares to the weight of handheld equipment that currently
is in the range of 5 to 25 pounds. Changes to shrouding should, for the most part, involve
changes in configuration, not changes in the mass of the shrouding.

3.2.4.6 Catalyst Technology Impact on Noise, Safety, and Energy The Agency would
expect little impact on engine noise from the application of catalysts to small engines. If any
impact on noise did occur, it is likely the catalyst plus a redesigned muffler would act to lower
the noise generated by an engine, since the catalyst would absorb and not generate sound.

Engine manufacturers have raised concerns regarding the safety of catalysts on small
engines. The principal concerns relate to increases in muffler skin temperature and exhaust gas
temperature from the use of a catalyst. Title 36 CFR 261.52 directs the Forest Service to prohibit
the operation or use of “any internal or external combustion engine without a spark arresting
device properly installed, maintained and in effective working order meeting either :(1)
Department of Agriculture, Forest Service Standard 5100-a; or (2) appropriate Society of
Automotive Engineers (SAE) recommended practice J335 and J335(a).” SAE J335 contains
instructions for determining planes at which to measure exhaust gas and surface temperatures and
states recommended performance levels (i.e.: temperatures) which should not be exceeded. In
order to continue to meet the requirements of the J335, manufacturers may need to limit the
conversion efficiency of the catalyst in order to maintain a comfortable margin of safety below
the requirements, and/or redesign the muffler system to enhance the heat shielding of the muffler.
Echo responded to the SNPRM (IV-D-37) that “ burning more than 15 grams of THC may cause
heat and safety concerns. Handheld equipment is operated and controlled by the operator. As
such, it comes in very close proximity to the operator’s hands, arms, face and body. Heat
dissipation to prevent operator injury is a primary concern.”

Currently, Husqvarna has four engine families certified to EPA’s Phase 1 standards which
utilize a low efficiency catalyst and continue to meet all applicable U.S. Forest Service
requirements (see Table 3-08). In addition, Stihl, Echo, and Mitsubishi have all certified
handheld engines meeting the California ARB’s 72 g/kW-hr HC+NOx standard for the 2000
model year that also employ catalysts. Thus, it is proven that at least for designs meeting the
California HC+NOx standard of 72 g/kW-hr, adequate control of catalyst safety concerns is
available. As long as similar efficiency catalysts are used to meet the standard, given sufficient
engine cooling is available, then it is assumed there will be little if any problems with catalyst
feasibility. However, higher conversion efficiencies and increased cooling needs by the engine
may raise concerns.

To meet the more stringent EPA Phase 2 standards, for Class Il and IV engines, either a
higher conversion efficiency catalyst or lower engine out emissions will be required. Higher
conversion efficiency catalysts are available, however, their use will result in higher exhaust
temperatures if no other changes are made to the engine or the equipment. EPA has already
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identified several technologies which will lower the engine-out emissions including compression
wave and stratified scavenging two-stroke technologies and four-stroke designs as an alternative
to the two-stroke engine. Clearly, the compression wave and four-stroke technologies can meet
the California ARB’s 72 g/kW-hr HC+NOx standard without catalysts as they have already
demonstrated this through certification. Four-stroke engines will not need to use catalysts to
meet the EPA Phase 2 standards. Two-strokes with compression wave or stratified scavenging
technology are assumed to use catalysts for Qlagsgines. For Class IV engineghh Deere

has estimated that less than 50% of their applications will require the addition of catalysts. For
these Class lll and IV engines requiring catalysts, with compression wavelagy, the

amount of exhaust gas conversion should be no greater than that already occurring on engines
using other engine technologies plus a catalyst to meet the California ARB standards. Thus, the
same heat mitigation measures should be available: engines using compression wave and a
catalyst to meet EPA’s Phase 2 standards can also incorporate cooling, shrouding, etc. and meet
the U.S. Forest Service requirements.

For engine designs currently meeting the California ARB HC+NOx standard of 72 g/kw-
hr but with a catalyst, additional cooling and shrouding is available to handle the extra heat
generated by a high conversion efficiency catalyst installed to meet the more stringent EPA Phase
2 standards. This additional cooling and/or shrouding is especially available for applications
such as string trimmers and blowers. Such applications should be able to be redesigned to
provide all the necessary extra cooling and shrouding necessary to meet the U.S. Forest Service
requirements and adequately protect the operator.

The most difficult applications are the chainsaws and similar applications where
packaging constraints are most significant. For Class IV chainsaws it is possible to improve air
flow, increase engine fin area, and reconfigure the shroud without significantly affecting weight
or other ergonomic features. These changes will suffice to handle the excess heat due to the use
of a catalyst (or a higher efficiency catalyst compared to a design meeting the less stringent
California ARB standards.) Alternatively, the manufacturer may take advantage of the averaging
program and install catalysts on their “easier” designs (e.g., string trimmers and blowers), and
generate excess credits to offset higher emission on the “more difficult” designs (e.qg.,
chainsaws), obviating the need to redesign the equipment in response to these potential heat
concerns. Finally, the manufacturer may choose to go to an alternative engine technology than
currently being used to meet the California ARB’s HC+NOx standard of 72 g/kW-hr in order to
achieve lower engine out emission levels, thus addressing this catalyst heat concern.

In conclusion, the engine and equipment manufacturer must carefully consider the
cooling and safety implications of catalyst installation and reflect this in its design strategy for
the engine and equipment. Several options are available including the application of those design
features already incorporated on handheld equipment which have designed for safe operator use
and in compliance with the U.S. Forest Service requirements.

The addition of a catalyst would have no significant impact on the energy consumption of
an engine. Catalysts are add-on devices which would have minimal, if any, impact on the
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engine’s air/fuel ratio or power output, and therefore no change in fuel consumption is
anticipated. Other changes to the engine, made in order to reduce emissions to more easily
utilize a catalyst, would be credited with fuel consumption savings.

3.2.5 Internal Two-stroke Engine Redesign With a Catalyst

As noted in section 3.2.4., some technologies have been developed to meet a standard of
54 g/hp-hr (72 g/kW-hr) as required by the California ARB. Improvements in internal two-
stroke engine design (transfer ports, piston, combustion chamber, etc.) and the addition of a
catalyst will allow low emissions such as the 72 g/kW-hr HC+NOx level to be achieved on some
engine sizes and applications. The amount of emission reduction achievable with this technology
package will largely depend on the level of emissions exiting the engine prior to the catalyst.
The level to which emissions can be reduced with engine improvements determines the
percentage conversion efficiency catalyst that can be used on the engine. The catalyst conversion
efficiency is limited by the heat produced, by oxidation of pollutants, such that temperatures in
predefined planes are in accordance with the U.S. Forest Service temperature requirements and
other company specific safety requirements.

3.2.5.1 Description of Technology- The simply designed two-stroke engine has room
for improvement when it comes to emission reduction. Internal design changes will improve
emissions characteristics. As listed in the Stratified scavenging with lean combustion section on
Komatsu Zenoah, changes include the following:

1. Higher compression by reducing crankcase volume

2. Change combustion chamber geography. (E.g., slightly dome the piston to mate with
hemispherical combustion chamber and is fit it with two compression rings)

3. Move spark plug to a straight up, dead center location to maximize combustion dynamics.

4, Alter timing and spark energy

Other internal engine improvements include design improvements in the engine transfer ports.
The use of a catalyst provides additional emission reduction.

3.2.5.2 Current State of Technology Development-
3.2.5.2.1 Husqvarna E-TECH Engine- The E-TECH engine is an engine

equipped with a new type of crankshaft enclosure which gives increased crankcase pressure. The
higher crankcase pressure and higher pressure in the exhaust system gives the E-TECH engine
unique possibilities for lower emissions and a high level of performance. The E-TECH engine is
equipped with a new type of lightweight catalytic converter for handheld products. The entire
catalytic converter installation gives a weight increase of only 10 grams. The E-TECH design
reduces both hydrocarbon and nitrogen oxide emissions.

3.2.5.2.2 Tanaka Stratified Charge Engine With Catalyst- An in-depth

description of the Tanaka technology has been published in Power Equipment Trade July/August
1998. Excerpts from the article are included below. The article states that “Tanaka’s PureFire
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technology cuts scavenging losses by changing and better controlling air/fuel from crankcase to
combustion chamber.”

1.

“The air/fuel charge enters the crankcase like any piston ported two-stroke -- through the
cylinder intake port as the piston goes up. As the piston comes down, the air/fuel mixture
is compressed as usual. However, instead of squirting up into the combustion chamber
via transfer ports, the Pure Fire intake charge is forced through a small port on the bottom
of the crankcase.” (The transfer channel formed in the crankcase mounting surface runs
from the bottom of the crankcase up into the cylinder mounting surface. The four transfer
ports are fed through this plumbing system.)

“As it travels through the crankcase channel, the fuel charge absorbs crankcase heat,
which improves atomization. Furthermore, the channel’s small volume and curved route
increase flow speed and cause a centrifugal effect.” According to Tanaka this “causes a
higher content of the fuel (portion of the mixture) to be delivered into the cylinder during
the combustion stroke.”

“The now layered intake charge flows under the cylinder and into its four closed transfer
ports. They are located so that the more concentrated air/fuel are farthest away from the
exhaust port.”

The U-shaped piston ridge’s “open end is aimed toward the exhaust port. When the
piston is at bottom-dead-center, the ridge is opposite the four transfer ports. In this
position, the bottom of the ridge is about