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EXECUTIVE SUMMARYtc  \l 1 "EXECUTIVE SUMMARY"
Engine, Fuel, and Emissions Engineering, Inc. (EF&EE) has been contracted by the Refineria Costarricense del Petroleo (RECOPE) to assist the Government of Costa Rica in developing regulations to implement the provisions of the 1993 Ley de Transito dealing with control of vehicle emissions.  This assistance focuses on the following six areas:

1.definition of emission standards and enforcement procedure for new vehicles;

2.definition of emission standards and enforcement procedure for used vehicles newly imported to Costa Rica;

3.definition of emission standards, test procedures, and equipment for vehicles in use;

4.design and oversight of the periodic vehicle inspection program;

5.improvements to the on-road emissions enforcement program; and


6.measures to protect older vehicles that might suffer increased valve seat wear due to the elimination of lead in gasoline.

This document reports the results of Phase II of the project, dealing with emissions standards, test procedures, and equipment for in-use vehicles; design and oversight of the periodic vehicle inspection program; and improvements to the on-road emissions enforcement program (areas 3 through 5 above).

Vehicle Emissions
Measurement of vehicle emissions in periodic inspection and maintenance programs and road-side check programs is intended to identify vehicles whose state of maintenance is poor or whose emission control systems are malfunctioning, both conditions which can cause emissions to be extraordinarily high.  Measurements in these programs necessarily rely on relatively simple, fast, and inexpensive test methods and equipment.  The pollutants most commonly measured on gasoline vehicles are unburned hydrocarbons (HC) and carbon monoxide (CO).  For diesel vehicles, the pollutant of greatest concern is particulate matter (PM), in the form of black smoke.  A large fraction of diesel vehicles on the road in Costa Rica exhibit grossly excessive smoke and PM emissions, and these are considered to be the main contributor to the high ambient PM10 (PM whose diameters are 10 microns or less) levels in San José.  Short tests involving measurement of smoke opacity can be used to identify diesel vehicles having excessive PM emissions.  Two-stroke motorcycles can also produce excessive PM emissions in the form of white smoke from vaporized lubricating oil.  Measurement of motorcycle white smoke has been instituted in some Asian countries, and is recommended for Costa Rica as well.  Finally, defective or missing mufflers can cause very high noise emissions from some vehicles.  These vehicles can be identified using simplified noise measurement procedures.  

Emissions Test Procedures and Standards for In-Use Vehicles
Recommended short emissions test procedures and emissions standard were developed for HC and CO emissions from gasoline vehicles, black smoke from diesel vehicles, white smoke from two-stroke motorcycles, and noise emissions from all vehicle categories.  For diesel black smoke measurement, we recommend the use of a light-transmission opacity meter.  Measurements should initially be carried out using the draft SAE J1667 emissions test procedure.  This procedure involves measuring the transient smoke peak during "snap" acceleration to maximum engine RPM under no load.  Recommended emissions standards for this test procedure are 40 to 55% opacity, based on a 76 mm path length.  This is equivalent to 95 to 99 HSU, which is beyond the useful range of the Hartridge smoke meters now used, so that these will need to be replaced with units having a shorter measurement path.  This procedure is recommended both for on-road testing by the Policía de Transito and for periodic checks as part of the Revision Tecnica.  In the future, the periodic inspection should be supplemented by smoke opacity measurement at full load under steady-state conditions, attained either by the use of a dynamometer or by loading the engine against the vehicle's service brake on a free roller.  Emission standards recommended for this procedure are 50 and 60 Hartridge (4.0 and 4.5 Bosch) units for vehicles under and over 3.5 tons GVW, respectively - the same limits specified in the Ley de Transito.  These values correspond to maximum opacity levels of 11% and 14%, respectively, at a 76 mm path length. 

For gasoline vehicles at the present time, we recommend the use of the two-speed idle test, as developed for "basic" I/M programs in the U.S.  This test involves measurement of tailpipe HC and CO concentrations at idle and at 2500 RPM with no load.  Recommended emission standards ("cutpoints") for this test procedure are 220 PPM HC (as hexane) and 1.2% CO by volume for catalyst-equipped gasoline vehicles brought into Costa Rica after January 1, 1995.  These are the same limits established in the U.S. for late-model vehicles.  For non-catalyst vehicles and those imported before 1995, we recommend the statutory limits in the Ley de Transito -  300 PPM HC (as hexane) and 2% CO.

For white smoke emissions from two-stroke motorcycles, we recommend setting the emissions standard between 30 and 50% opacity, based on a 76 mm path length.  Two-stroke motorcycles also require a special HC emissions standard of 10,000 PPM, as they are inherently incapable of meeting the emissions standards applicable to four-stroke engines.

For noise emissions, we recommend the standards established in the Ley de Transito, which are 96 Db(A) for autos and vehicles under 3.5 tons GVW; 98 Db(A) for motorcycles, microbuses, and vehicles between 3.5 and 8 tons gross vehicle weight; and 100 Db(A) for buses and heavy-duty vehicles above eight tons GVW.  The recommended test procedure is the short noise test developed by the ISO, which involves measurement of noise levels at 0.5 meter from the exhaust pipe, at a 45( angle from the axis of discharge of the exhaust.  

Institutional Aspects of Vehicle Inspection and Maintenance
Experience in the U.S. and in many developing countries has shown that it is difficult to implement an effective vehicle inspection and maintenance program.  To be effective, a periodic inspection and maintenance program requires each of the following:

(a suitable test procedure, supplemented by inspec​tion of emission control systems where necessary;

(effective enforcement of vehicle compliance (e.g., through the vehicle registra​tion process);

(adequate attention to repair procedures and mechanic training (so that the mechan​ics are able to diagnose and fix the vehicle after it fails the inspec​tion);

(routine quality assurance and quality control (QA/QC);

(enforcement of program requirements for inspectors and mechanics - especially in decentralized programs - through means such as undercover vehicles containing known defects; and

(periodic evaluation and review, to identify problem areas and develop solutions;

To meet these requirements calls for a very well designed program that is well-funded, politically supported, and staffed with technically competent personnel.

I/M program costs and effectiveness depend on the test procedure and institutional setting.  Periodic inspection and maintenance programs can be classified as either centralized or decentral​ized.  In centralized programs, vehicles are required to be presented at one of a small number of high-volume inspection facilities for inspection.  These facilities are govern​ment-controlled, and may be run either by government employees or by an independent contractor (the latter arrangement is more common, due to its generally lower costs).  In the typical program, government franchises a single contractor to build and operate all of the inspection centers in given area, while charging a set fee to public.  An alternative approach is to allow more than one organization to perform inspections, but to prohibit any organization that does inspections from performing repairs or recommending a specific repair shop.  In this case, economies of scale will tend to favor the creation of a small number of high-volume inspection facilities.

In a decentralized program, vehicles are inspected at any of a large number of private service stations and garages, which also make repairs on vehicles found to fail the emissions test.  These inspection and repair stations are generally licensed and authorized by the regional or local government, but are not under its direct control.   This situation presents many opportunities for fraud, both against the consumer (failing vehicles which should have passed, in order to "repair' them) and against the system (passing vehicles which should have failed, either in return for a bribe or just to keep the customer happy).  To help deter fraud, decentralized I/M programs U.S. require the use of automated emissions analyzers, and incorporate extensive overt and covert (undercover) audits of inspection stations to make fraud more risky.  Fraud and poor performance are, nonetheless, still very possible, and common.

We estimate that a decentralized I/M program in Costa Rica might include about 260 inspection and repair shops, while a centralized program would include about 35 test lanes, each of which would inspect about 15,000 vehicles per year.  To provide adequate oversight and quality assurance/quality control for a decentralized I/M program, MOPT would require a staff of about 53 persons.  These persons might all be government employees, but a more flexible and effective approach might be to contract out the QA/QC functions to a qualified private firm or non-profit organization.  Such a contract could be made self-financing, for instance, through the sale of vehicle inspection certificates.  Because of the smaller number and greater technical competence of the inspection facilities, oversight of a centralized I/M program would require only about 16 staff.  The centralized program would likely be more effective and less subject to error and fraud as well.

Strengthening the Roadside Inspection Program
Roadside or on-road vehicle inspection programs can provide an important supplement to periodic inspection and maintenance.  The fact that a periodic inspection program is periodic, and therefore predictable, offers vehicle owners an opportunity to defeat the program.  Since a vehicle owner cannot predict in advance whether he will be targeted by an on-road or roadside inspection, these inspections are much more difficult to defeat.  On-road and roadside inspections are especially useful for enforcing vehicle smoke limits, since the visible and obvious nature of smoke emissions allows enforcement efforts to be targeted at the worst offenders.  

EF&EE staff observed the operation of the present on-road enforcement program by the Policía de Transito.  This program appears to be basically sound, but requires some changes to maximize its effectiveness.  One change that should be implemented as quickly as possible is to modify the smoke test procedure in line with SAE J1667, and to train the Police officers in the new procedure.  The present test procedure, involving measurement of smoke opacity at governed speed with no load, is not effective in detecting most cases of high smoke and PM emissions.  To make best use of the new test procedure, the police will require new smokemeters with shorter path lengths, as the recommended emission standards are outside the useful range of the Hartridge meters now employed.  In addition, we recommend that these smokemeters be provided with capabilities for computer storage and retrieval of emissions data.

The effectiveness of the smoke enforcement teams could also be improved by providing them with portable computers having access to the vehicle registration and smoke citation databases.  These computers could also be used to print citations and summonses, at the same time that these are entered into the database.  Finally, the process of issuing citations could be speeded up, and more effective use made of the sworn police officers, if each team were to include a civilian clerk to handle the data entry and printing tasks.  This would allow the officers to spend more time stopping vehicles and performing emission tests.  

Future Technologies for Controlling In-Use Vehicle Emissions
Future technologies that could contribute to reducing in-use vehicle emissions include advanced on-board diagnostics (OBD) and remote sensing of vehicle emissions.  We recommend that Costa Rica monitor developments in remote sensing technology and uses, with a view to using this technology to supplement the on-road enforcement program in the future.  Remote sensing is now being tested extensively by the State of California.  As for second-generation On-Board Diagnostics (OBD2), no real changes are necessary, except to know which vehicles are equipped with it.  As with any sophisticated electronically-controlled system, training in correct and consistent diagnostic procedure, with emphasis on principles of circuits and electricity, must continue for all automotive technicians, not just dealer technicians.  Training programs run by the major automobile importers are good models for this.
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1. INTRODUCTIONtc  \l 1 "1. INTRODUCTION"
Air pollution due to emissions from motor vehicles has become a matter of concern in Costa Rica, especially in the Greater Metropolitan Area of San José.  Al​though air pollution in San José is far less severe than in such larger Latin American metropoli as México, Santiago de Chile, or São Paulo, the available data indicate that levels of lead, total suspended particu​late matter (TSP), CO, ozone (O3) and NO2 in San José are high enough to be of concern for public health.  Of these, lead and particulate matter (PM) are considered to be of greatest concern, due to their contribution to serious chronic health problems.  Visual observa​tion of the very high levels of diesel smoke on the main streets and roads in Costa Rica suggests that a very large percentage of the ambient PM is due to smoke from diesel vehicles.

The Government's strategy for reducing vehicle emissions and improving air quality consists of the following main points:

1.establishing emissions standards for new vehicles and for used vehicles newly imported to Costa Rica;


2.increasing the frequency and effectiveness of periodic vehicle inspections, so that public service vehicles would be inspected every six months, other vehicles under five years old would be in​spect​ed every other year, and other vehicles over five years old would be inspected every year;


3.increasing the frequency and effectiveness of on-road vehicle emis​sions enforcement; and


4.eliminating lead in gasoline, and drastically reducing the sulfur content of gasoline and diesel fuel.

Authority for the first three of these is contained in the new Ley de Transito (transit law), adopted in April, 1993.  According to the law, these programs are to take effect from January 1, 1995.  Regulations to implement the emissions control provisions of the new transit law have not yet been adopted, however, and many technical aspects of the new regulations remain to be clarified.

Engine, Fuel, and Emissions Engineering, Inc. (EF&EE) has been retained to assist the Government in developing appropriate regulations for implementing the vehicle emissions control provisions of the new Ley de Transito.  This assistance focuses on the six areas listed below:

1.Emission standards and enforcement procedure for new vehicles;

2.Emission standards and enforcement procedure for used vehicles newly imported to Costa Rica;

3.Emission standards, test procedures, and equipment for in-use vehicles;

4.Design and oversight of the periodic vehicle inspection program;

5.Improvements to the on-road emissions enforcement program; and


6.Measures to protect older vehicles that might suffer increased valve seat wear due to the elimination of lead in gasoline.

This document reports the results of Phase II of the project, dealing with emissions standards, test procedures, and equipment for in-use vehicles; design and oversight of the periodic vehicle inspection program; and improvements to the on-road emissions enforcement program (areas 3 through 5 above).  Areas 1 and 2, dealing with emission standards and enforcement procedure for new vehicles, were addres​sed in Phase I of the project.  Work on Area 6, measures to protect older vehicles from the effects of unleaded gasoline, has been suspended, pending a determination of Costa Rican government policy on this issue.

PRIVATE 
1.1Vehicle Inspection/Maintenance and On-Road Enforcement Programstc  \l 2 "1.1Vehicle Inspection/Maintenance and On-Road Enforcement Programs"
To establish effective control over motor vehicle emissions, it is not enough simply to establish emissions standards for new vehicles.  In order to help assure a reason​able level of emissions-related maintenance and proper functioning of emission controls, many jurisdictions in the U.S., Japan, many European nations, and an increasing number of developing countries have found it necessary to establish periodic inspection and maintenance (I/M) programs for light-duty cars and trucks.  Many jurisdictions have extended these programs to include heavy-duty trucks, and a few include motorcycles as well.  For best effectiveness, these periodic I/M programs should be supplemented by programs to identify and cite polluting vehicles on the road as well.  A program of on-road enforcement of vehicle emission regulations is already in effect in Costa Rica, as is a periodic inspection program ("Revision Tecnica") for commercial vehicles.  Under the new Ley de Transito, this program will be extended to cover privately-owned vehicles as well.   

I/M serves two purposes in a vehicle emission control program.  First, it helps to identify vehicles in which maladjustments or other mechanical problems are causing higher emissions than necessary.  In populations of modern, emission-controlled vehicles, a very large fraction of total emissions are due to the minority of vehicles with malfunctioning emission control systems.  Even among uncontrolled vehicles, the differences in HC and CO emissions between a properly-adjusted and maintained engine and one which is poorly adjusted can amount to a factor of four or more.   The second important role of I/M programs is to discourage tampering with emission control equipment, so that the emissions benefits of that equipment are realized.

PRIVATE 
1.2Basis for this Reporttc  \l 2 "1.2Basis for this Report"
The information and recommendations in this report are based on EF&EE's extensive past experience in evaluating and designing vehicle inspection and maintenance and on-road inspection programs, both in the U.S. and in other developing nations such as Mexico, Chile, Brazil, and Thailand (Weaver and Klausmeier, 1988; Mumme et al., 1992; Weaver, 1994; McGregor et al., 1994).  This information was supplemented by information gathered during two missions to Costa Rica, September 6 through 17 and October 12 through 21, 1994.  The former mission concentrated primarily on the subject of Phase I, while the latter concentrated on the Phase II analysis.

During the October mission, EF&EE personnel participated in the on-road vehicle emis​sions/safety check program now being conducted by the Policía de Transito.  An EF&EE staff-person accompanied a two-person police roadside inspection team into the field on three different days.  An EF&EE-owned smoke meter (a "Wager" unit) was also used to collect smoke data from many of the vehicles pulled over and tested by the Police.  On the first day vehicles were tested while representatives from the Grupo de Apoyo Tecnico, SwissContact, and MOPT looked on. The test site was situated on a busy four-lane street, at the top of a long hill.  Many vehicles with extremely high smoke levels were observed, but data from only a few vehicles were collected, as the time was used mostly to discuss the test procedures and observe the team at work.  The EF&EE smoke meter and data collection system was shown to the others in attendance.  On the second day the EF&EE representative accompanied the two-person Transito team to a test site in the middle of a steep hill on a limited-access highway.  A Wager unit test was conducted on many of the vehicles pulled over following the official Hartridge test.  The data are displayed in Appendix 1 of this report. On the third day the EF&EE staff-person once again travelled to a test-site, this one on a more gradual hill, but also on a major limited-access road.  Although traffic density was less, some of the worst vehicles, in terms of state-of-repair, were observed here.  Smoke data collected using the Wager meter appear in Appendix 1.
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1.3Guide to the Remainder of the Reporttc  \l 2 "1.3Guide to the Remainder of the Report"
This report contains 7 chapters.  Chapter 2 discusses the nature and causes of vehicle pollutant emissions, and what technologies are used to control them.  Chapter 3 discusses the design of periodic I/M programs, and presents our recommendations for the design of the Revision Tecnica in Costa Rica.  Chapter 4 discusses the important subjects of quality assurance and quality control for I/M programs, and again presents our recommendations in this area.  Chapter 5 discusses the roadside inspection program, as currently conducted in Costa Rica by the Policía de Transito, and the modifications in the present program that EF&EE recommends.  Chapter 6 discusses future technologies in emissions control.  Chapter 7 contains a list of the references cited. Four appendices give smoke measurement graphs, an alignment chart for comparing measurement results, a list of available opacity meters, and a draft copy of SAE procedure J1667.
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2. CAUSES AND CONTROL OF VEHICLE EMISSIONStc  \l 1 "2. CAUSES AND CONTROL OF VEHICLE EMISSIONS"
Vehicle emissions vary greatly, both from vehicle to vehicle and from time-to-time for a given vehicle, depending on the driving cycle, ambient conditions, and state of maintenance of the engine and emission control systems.  Precise measurement of vehicle emissions requires complex laboratory equipment, and is not possible under field conditions.  These measurements were discussed in the Phase I report.

Measurement of vehicle emissions in periodic inspection and maintenance programs and road-side check programs is intended to identify vehicles whose state of maintenance is poor or whose emission control systems are malfunctioning, both conditions which can cause emissions to be extraordinarily high.  Measurements in these programs necessarily rely on relatively simple, fast, and inexpensive test methods and equipment.  The pollutants most commonly measured on gasoline vehicles are HC and CO, and on diesel trucks it is black smoke.  HC and CO emissions are discussed in Section 2.1, and black smoke is discussed in Section 2.2.  Measurement of motorcycle white smoke has been instituted in some Asian countries, due to the high number of two-stroke motorcycles there, and the significant contribution they make to air pollution.  White smoke is discussed in Section 2.3.  In some countries noise is also measured on vehicles in the field, as a way to clamp down on defective or modified vehicles that contribute to excess ambient noise levels. Section 2.4 contains a discussion of noise emissions. 

PRIVATE 
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Motor vehicles are responsible for a large part of the emissions of hydrocarbon (HC), carbon monox​ide (CO) and oxides of nitrogen (Nox) in urban areas in Costa Rica.  HC and CO emissions from gasoline vehicles are heavily affected by the state of maintenance of the vehicle, as well as by the existence and proper functioning of emissions controls.  Even for vehicles that lack specific emission control measures, proper engine mainte​nance and calibration can markedly reduce pollutant emissions; conversely, improper maintenance and calibration can greatly increase pollutant emissions.  The major cause of high CO emissions in gasoline vehicles is improper carburetor or fuel injection system adjustment, causing the air-fuel mixture to be excessively rich.  In addition to creating pollution, this rich mixture wastes fuel.  Because vehicle driveability and performance may not be greatly affected, however, the vehicle owner may not be aware that the engine is out of calibration.  Inspection/maintenance (I/M) programs can help considerably in this area.

Causes of high HC emissions from four-stroke gasoline engines such as those in passenger cars include improper air-fuel mixture and ignition system problems such as improper ignition timing, worn or fouled spark plugs, and loose or defective spark plug cables.  These may cause one or more cylinders to misfire, either occasionally or continuously, leading to grossly excessive HC emissions.  Lesser malfunctions may lead to poor combustion in one or more cylinders, increasing HC emissions to a lesser extent.  Although these problems are likely to affect driveability and perfor​mance as well as emissions, vehicle owners are not always observant of such problems, or if they observe them, are not always diligent in seeking repairs.  Again, an I/M program can play an important role.

In the case of two-stroke motorcycle engines, grossly excessive HC emissions are a normal consequence of the engine design.  Even for these engines, however, mechanical problems, poor adjustment, or poor maintenance can increase HC and/or CO emissions, and it is worthwhile to attempt to minimize these with an I/M program.

PRIVATE 
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The principal pollutants emit​ted by diesel engines are diesel particulate matter (PM), oxides of nitrogen (NOx), sulfur oxides (SOx), and un​burned hydrocarbons (HC).  Diesel HC emissions contain many known or suspected carcinogens and other toxic chemicals, including formaldehyde and other aldehydes, polynuclear aromatic hydrocarbons (PAH), and benzene.  The presence of known carcinogens, and the results of studies showing apparent carcinogenic effects of whole diesel exhaust in laboratory animals have led the State of California to consider listing diesel exhaust as a hazardous air pollutant.  Die​sels are also re​sponsible for a small amount of CO, as well as visible smoke, un​pleasant odors, and noise.  

Pa​r​tic​u​l​ate M​at​ter - Di​e​sel pa​r​tic​u​l​ate m​at​ter co​n​s​ists m​o​st​ly of three co​m​po​ne​n​ts: soot formed during combus​tion, heavy hydrocarbons condensed or adsorbed on the soot, and sulfates.  In older-technology diesels such as most of those used in Costa Rica, soot is typically 40 to 80 percent of the total particulate mass.  Soot emissions from modern emis​sion-controlled engines are much lower.  Most of the remaining particulate mass consists of heavy hydrocarbons adsorbed or condensed on the soot.  This is referred to as the soluble organic fraction of the particulate matter, or SOF.  The SOF is derived partly from the lubricating oil, partly from un​burned fuel, and partly from compounds formed during combus​tion.

Most of the soot formed during diesel combustion is subsequently burned during the later portions of the expansion stroke.  In properly operating engines, less than 10% of the soot formed in the cylinder survives to be emitted into the atmosphere; and in modern emission-controlled diesel engines, less than 1% may be emitted.  Soot oxidation is much slower than soot formation, however, and the amount of soot oxidized is heavily dependent on the availability of high temperatures and adequate oxygen during the late stages of combustion.  Conditions which reduce the availability of oxygen (such as poor mixing, or operation at low air-fuel ratios), or which reduce the time available for soot oxidation (such as retarding the combustion timing) can cause a very large increase in soot emissions.

Hydrocarbons - Diesel HC emissions (as well as the unburned-fuel portions of the particulate SOF) occur primarily at light loads.  The major source of light-load HC is excessive fuel-air mixing, which results in some volumes of air-fuel mixture which are too lean to burn.  Other HC sources include fuel deposited on the combustion chamber walls or in combustion chamber crevices by the injection process; fuel retained in the orifices of the injector which vaporizes late in the combustion cycle; partly reacted mixture quenched by too-rapid mixing with air, and vaporized lubricating oil.  

Visible Smoke - Black smoke from diesel engines is due to the soot component of diesel particulate matter.  In properly-operating engines, under most operating conditions, nearly all of this soot is oxidized in the cylinder, so that the exhaust plume from a properly adjusted diesel engine is normally invisible - with a total opacity (absorbance plus reflectance) of two percent or less.  Visible black smoke is generally due to injecting too much fuel for the amount of air available in the cylinder, or to poor mixing between fuel and air.  The particulate reductions re​quired to comply with the U.S. 1991 and 1994 and Euro II emissions standards have resulted in the virtual elimination of visible smoke emissions from properly functioning engines.

In turbocharged engines, even when properly operating, some visible smoke may be emitted in a "puff" during the initial application of the accelerator pedal.  This occurs because the turbocharger requires a short time to respond to the acceleration and provide enough air to burn all the fuel efficiently.  These emissions can be reduced by the use of a "smoke puff limiter", which reduces the maximum fuel flow to the engine until the turbocharger has come up to speed.  Visible smoke may also occur in an "after-puff", when the accelerator pedal is released suddenly and the engine begins decelerating. This is normal for engines equipped with pneumatic-assist governors, however, such governors are obsolete and rare. Mechanical- and electronic- governor equipped engines will "after-puff" only if they are worn or mal-adjusted.

Under some conditions, diesel engines may also emit white, blue, or gray smoke.  These are due to the presence of condensed hydrocarbon droplets in the exhaust.  Unlike soot, these droplets scatter light, thus giving a bluish or whitish cast to the smoke.  Blue or gray smoke is generally due to vaporized lubricating oil, and indicates an oil leak into the cylinder or exhaust system.  White smoke from the condensation of unburned fuel is common when engines are first started in cold weather, and usually goes away when the engine warms up.

Odor - The characteristic diesel odor is believed to be due primarily to partially-oxygenated hydrocarbons (aldehydes and similar species) in the exhaust.  These are believed to be due primarily to slow oxidation reactions in volumes of air-fuel mixture too lean to burn normally.  Unburned aromatic hydro​carbons may also play a significant role.  The most signifi​cant aldehyde species are benzalde​hyde, acetaldehyde, and formaldehyde, but other aldehydes such as acrolein (a powerful irritant) are significant as well.  Aldehyde and odor emis​sions are closely linked to total HC emissions - experience has shown that modifications which reduce total HC tend to reduce aldehydes and odor as well.

Toxic Air Contaminants - Diesel exhaust contains many organic species that are known or suspected of causing cancer or other problems.  These include formaldehyde, benzene, and polynuclear aromatic hydrocarbons, as well as other unidentified mutagenic compounds.  Organic extracts of diesel particulate have repeatedly been shown to be mutagenic in the Ames test, a commonly-used screening technique for potential carcinogens.  The State of California, based on a number of epidemiological studies, has proposed to list diesel exhaust itself as a suspected carcinogen.  In general, measures that tend to reduce diesel HC and PM emissions also seem to reduce mutagenic (and presumed carcinogenic) activity.

Maintenance Effects on Emissions

Figure 1: Effect of maintenance on emissions and fuel economy for buses in Santiago, Chile (Escudero, 1991).

Quality of maintenance and the mechanical condition of the engine have important effects on PM, smoke, and HC emissions from diesel engines.  Common causes of high black smoke and PM emissions include tampering with the maximum fuel setting on the injection pump, worn-out or damaged fuel injectors, deposit formation on the fuel injectors, incorrect fuel injection timing, dirty air filters and other air intake restrictions (Weaver and Klausmeier, 1988).  Worn or damaged piston rings or leaking oil seals can result in emissions of gray or blue smoke, PM, and HC due to lubricating oil vapor.  Because many of these maintenance conditions are common in diesel vehicles on the road, the average smoke, PM, and HC emissions from these vehicles tend to be much higher  than those of properly-adjusted new vehicles.  

As an example of the potential emissions benefits of improving maintenance for diesel vehicles, 1 compares the emissions and fuel economy from several buses tested as part of a Chilean field study.  Among the diesel buses, four had their engines rebuilt to manufacturers' specifications.  One was tested in that condition, one was maintained in accordance with manufacturers' specifications, one was maintained according to "average" maintenance in Santiago, and one received no maintenance.  Additional tests were carried out on a poorly-maintained bus in service, without rebuilding the engine.  As the figure shows, emissions - especially of PM - are many times higher for the engine that received no maintenance, and are even higher for the in-service bus (Escudero, 1991).  Nox and Sox emissions are relatively insensitive to maintenance conditions - the former being determined mainly by engine design, and the latter by the sulfur content of the fuel.  

Quantification of Diesel Emissions
The emission factor is an estimate of the average quantity of pollution emitted by vehicles of a specific type per vehicle-kilometer travelled.  These estimates are commonly expressed in grams of pollution per kilometer.  Emission factors for diesel vehicles are stro​ngly affect​ed by differ​enc​es in engine tech​nology, vehicle size and weight, driving cycle character​istics, and the state of mainte​nance of the vehicles.  

1 shows emission factors for heavy-duty vehicles in the U.S., Eu​rope, and Chile.  The Chilean data are especially significant, as the engine technology and mainte​nance practices in Chile at the time of the study were similar to present condi​tions in Costa Rica.  These data are from a sample of Chilean buses, mostly equipped with Mercedes OM 352 engines, tested on a chas​sis dynamometer using a driv​ing cycle typi​cal of urban bus operation.  These data show average PM emissions of 2.5 g/km, which is comparable to the value for the in-use bus shown in 1.

PRIVATE 
Table 1: Summary of emission factors re​ported for heavy-duty diesel trucks and buses.

	PRIVATE 

	Emissions (g/km)
	Fuel

cons.

km/l

	
	HC
	CO
	NOx
	PM
	CO2
	

	U.S. Heavy-Duty Diesel Trucks ‑ MOBILE5a Projections

(Chan and Reale, 1994 & Weaver and Turner, 1991)

	Advanced control
	1.32 
	6.33 
	5.09 
	‑‑ 
	982 
	2.8 

	Moderate control
	1.72 
	7.24 
	11.56 
	‑‑ 
	991 
	2.8 

	Uncon​trolled
	2.52 
	7.31 
	15.55 
	‑‑ 
	1,249 
	2.2 

	U.S. 1984 Measurements (Warner‑Selph and Dietz​mann, 1984)

	Single‑axle tractors
	1.94 
	3.75 
	9.37 
	1.07 
	1,056 
	‑‑ 

	Double‑​axle trac​tors
	1.74 
	7.19 
	17.0 
	1.47 
	1,464 
	‑‑ 

	Buses
	1.71 
	27.4 
	12.4 
	2.46 
	1,233 
	‑‑ 

	New York City Vehicles (Weaver and Klausmeier, 1988)

	Medium‑h​eavy trucks
	2.84 
	‑‑ 
	23.28 
	2.46 
	‑‑ 
	1.86  

	Transit buses
	5.22 
	‑‑ 
	34.89 
	2.66 
	‑‑ 
	1.24  

	Chilean Bus Data (Escudero, 1991a)

	Santiago cycle
	1.4 
	5.7 
	5.4 
	2.5 
	--
	-- 

	
London Buses Limited (Gore, 1991)

	In service Simu​lation


	Laden
	1.19 
	7.09 
	28.89 
	1.69 
	-- 
	-- 

	
	Unladen
	0.92 
	6.61 
	32.37 
	1.47 
	-- 
	-- 

	LBL Test Cycle

   
	Laden
	0.67 
	5.64 
	22.50 
	1.36 
	-- 
	__ 

	
	Unladen
	0.62 
	5.64 
	14.07 
	0.58 
	-- 
	-- 

	European Vehicles (Samaras, 1992)

	Urban
	3.5-1​6 tons
	2.79 
	18.8 
	8.7 
	0.950 
	-- 
	3.7 

	
	> 16 tons
	5.78 
	18.8 
	16.2 
	1.600 
	-- 
	2.3 

	Rural
	3.5-16 tons
	0.41 
	7.3 
	7.4 
	0.820 
	-- 
	4.5 

	
	> 16 tons
	2.58 
	7.3 
	14.8 
	1.400 
	-- 
	2.6 

	Highway
	3.5-16 tons
	0.62 
	4.2 
	6.0 
	1.670 
	-- 
	5.5 

	
	> 16 tons
	2.27 
	4.2 
	13.5 
	1.250 
	-- 
	2.9 


The emission factors for light-duty vehicles shown in Table 1 are based on the U.S. MOBILE5a model and on various European studies.  Only the European studies gave emission factors for PM, and the different European studies vary considerably in their results.  Of the results shown, we consider the data of Joumard (1990) to be most representative, as these were based on actual emission measurements of vehicles in use, using realistic chassis driving procedures.  

As 1 indi​cates, average pollutant emis​sions from heavy-duty diesel vehicles are espe​cially sensitive to the speed and acceler​ation charac​teristics of the duty cycle.  Emis​sions per kilometer trav​elled vary greatly depend​ing on the duty cycle.

[image: image1.wmf]
Figure 2: Cumulative distribution plot for PM emissions from diesel buses in Santia​go, Chile

Also notable from 1 are the large varia​tions in particu​late and HC emis​sion factors, even among uncontrolled vehi​cles.  For buses without signif​icant emis​sion con​trols the range of PM emission esti​mates is from 1.36 to 2.66 g/km, while for trucks the range is from .95 to 2.46 g/km.  This is partly the result of differ​ences in the measure​ment (or modeling) procedures used, and partly due to differ​ences in main​te​nance practice, which can have a tremen​dous effect on par​tic​ulate emis​sions.  In the case of the Chilean bus data, for example, the results show that partic​ulate emis​sions from well-maintained buses were less than one third of the average particu​late emis​sions for the entire bus fleet.  2, which gives cumu​la​tive probabili​ty distri​butions for partic​ulate emis​sions from the Chilean bus fleet, illus​trates the nature of the prob​lem.  As this figure shows, a small minori​ty of 10% of the highest-emitting buses are responsible for 25% of total particulate emissions, while the high​est 20% of buses produced more than 40% of the emis​sions.  The lowest 20% of the buses (gen​erally those that were best main​tai​ned) pro​duced only 7% of the particulate emissions.

[image: image2.wmf]
Figure 3: Distribution of particulate emission levels for 68 buses measured by the New York City Depart​ment of Environmental Pro​tection.

Data from a study of diesel bus emissions in New York show a similar pattern.  3 shows the distribution of diesel particulate emissions from a sample of 68 in-use buses measured by the New York City Department of Envi​ronmental Protection in the mid '80s.  As these data show, the particu​late emis​sions from this sample fleet (pri​marily from model years in the late '70s and early '80s, be​fore the advent of particu​late controls) are very widely spread, with most of the buses emitting less than 5 g/mile, but a small percentage of buses exceeding 6 g/mile and ac​counting for a large portion of fleet-average emissions.  In this case, the dirtiest 5% of the buses ac​counted for rough​ly 20% of the fleet-aver​age emis​sions.  U.S. bus en​gines today are subject to much stricter emis​sion standards than were the buses in this study, so it is likely that the typical PM emis​sions for prop​erly function​ing buses are now in the range of 0.2 to 0.4 g/km - much less than the 1-2 g/km of the clean​est buses shown in the NYCDEP data.  However, there is no reason to expect that the particulate emis​sions from mal​func​tioning buses (those with bad fuel injectors, damaged or worn out turbo​chargers, worn-out cylinders, or faulty valve seals, for exam​ple) are signif​icantly less than those of buses with similar prob​lems in the 1980s.  The highest PM emis​sions among the 68 buses shown in 3 are around 8-10 g/km, which is similar to the emission levels of the worst buses in the Chilean fleet sample.

[image: image3.wmf]
Figure 4: Corre​lation be​tween particulate emis​sions and accel​eration smoke for buses mea​sured by the NYCDEP.

The prevalence of the types of engine prob​lems that cause very high emission levels can be esti​mated from data on the distri​bution of smoke opacity levels in the vehicle fleet.  4 shows the rela​tion​ship be​tween accelera​tion smoke and particu​late emis​sions for the New York bus fleet.  As can be seen, the highest emitters are charac​terized by high visible smoke emis​sions.  Current emis​sion-controlled diesel engines are essen​tially smoke​less when operating properly; converse​ly, any malfunction that results in such an engine becoming a high emitter of particulate matter is also likely to result in easily visible smoke.

Since smoke is much easier and less expensive to measure in the field than mass PM emissions, the relationship between smoke and PM pro​vides a useful basis for esti​mating PM emissions in use.  The data shown in 4 cannot be used directly for this purpose, however, as they were taken from U.S. buses equipped with acceleration smoke limiters.  These buses would produce high accelera​tion smoke opacity only when suffering serious mal​functions.  In contrast, high smoke opaci​ty on acceler​ation in uncon​trolled vehicles like most of those in Costa Rica could result either from serious malfunction or from an improper maximum fuel setting, which would be expect​ed to have less effect on cycle-averaged PM emissions.  

When properly de​signed, calibrated, and maintained, diesel engines emit little or no visible smoke, and their total particulate emissions are rela​tively low - less than 1 gram per kilometer.  Although large amounts of soot are formed during the combustion process, the presence of suffi​cient air in the cylinder and good air-fuel mix​ing allows nearly all of the soot formed to be burned out before it is emitted from the engine.  Where poor mix​ing or overfueling interfere with the pro​cess of soot com​bus​tion, however, smoke and particu​late emis​sions can increase enormously.

Many vehicles on the road in Costa Rica exhibit grossly excessive smoke emissions.  Such emissions are generally found to result either from improper calibration of the fuel injection pump - al​lowing excessive fuel into the cylinder - or from problems in the fuel injection system that interfere with proper air-fuel mixing.  Improper calibration is usually the result of tamper​ing with the fuel injection system - "turning up" the amount of fuel injected to increase the engine power output.  In naturally-aspirated diesel engines like most of the older trucks used in Costa Rica, this type of tampering results in grossly excessive smoke emissions at full power.  Dirty air filters, worn-out fuel injectors, and fuel injectors with severe fuel-related deposits may also be responsible for many of the numerous cases of excessive smoke emissions observed.  Several vehicles were observed running with total mis-fire of one or more cylinders. 

All of the main causes of high smoke emissions from diesel vehicles can be corrected with proper maintenance.  To encourage such maintenance, an inspection and maintenance program is required.  To assure compli​ance with smoke regulations in use, as well as at inspection time, the I/M program should be supple​mented by a program of in-use smoke testing and citations.  To reduce the temptation to tamper with the fuel injection system in order to obtain more power from the engine, fuel injection adjust​ments should be required to be sealed, and these seals should be checked during periodic and on-road inspections.  Owners of vehi​cles found to be emitting excessive smoke due to tam​pering with the fuel injection system should be subject to a substantial fine.
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2.3"White" Smoke Emissions From Two-Stroke Motorcyclestc  \l 2 "2.3\"White\" Smoke Emissions From Two-Stroke Motorcycles"
Most motorcycles under 250 cc displacement are equipped with crankcase-scav​enged two-stroke engines.  These engines require lubricating oil to be mixed with the fuel, or injected into the air-fuel mixture with a separate metering pump, in order to provide adequate lubrication to the pistons.  Unburned lubricating oil from this source is emitted in the exhaust as smoke, and also is a major source of particulate emissions.  The density of the smoke emitted is determined by the quality and amount of oil used, the mechanical condition of the engine, and other factors.  A previous study by EF&EE (Chan and Weaver, 1994) has estimated the PM emissions corresponding to typical motorcycle white smoke levels in Thailand at about 1.0 g/km, or about 40% of those from an average diesel bus.

The most important factors affecting white smoke and PM emissions are oil quality and the amount of oil used.  Most motorcycles now have an automatic lubricat​ing oil feeder to mix the oil with the gasoline.  If this feeder malfunctions or is improper​ly adjusted, too much oil will be mixed with the gasoline, and excessive white smoke will result.  Some motorcycle owners (especial​ly of high-performance motorcycles) probably "turn up" the oil feed rate deliberately, or even pre-mix oil into the gasoline, in the belief that "if some is good, more must be better".  The experience of one of the EF&EE staff (Chan) in his family's motorcycle dealership in Malaysia is that such practices are common there, and there is no reason to expect that they are not common in other areas as well.  

Another possible source of white smoke emissions, which may well contribute to the very high smoke levels seen from motorcycles, is the use of the wrong oil - such as used crankcase oil from other vehicles - instead of proper two-stroke oil.  Again, Mr. Chan's experience at his family's motorcycle business in Malaysia suggests that this is not uncommon.

Although two-stroke motorcycles are not as common in Costa Rica as in some other developing nations, they still constitute a substantial population.  The extremely high emissions of two-stroke engines and the contribution of their white smoke emissions to ambient PM concentrations make it desirable to address the problem of white smoke emissions through on-road and periodic inspections.  Other measures, such as public education can also play an important role, and should be pursued, but public education is unlikely to be fully effective unless it is backed by an effective enforcement program involving the Policía de Transito and MIRENEM. 
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2.4Noise Emissions From Motor Vehiclestc  \l 2 "2.4Noise Emissions From Motor Vehicles"
Noise from motor vehicles is a major environmental concern in all industrialized and developing countries. The most easily identified and quantified effect of noise exposure is loss of hearing acuity.  Other effects that have been found are: sleep disturbance; increased consumption of medicines; long-term pathological effects (such as increased heart rate and blood pressure; interfer​ence with conversational speech (especially for those hard of hearing, and schoolchil​dren); interference with perception of auditory warnings; and various manifesta​tions of psycho​logical stress.  Because so many noise effects are psychological rather than physiological, how much should be done to reduce noise depends to a great extent on social factors, particularly, the willingness of the public to put up with the noise.  Many industrialized nations have established strict guidelines and standards for noise.  Measur​ing noise levels is easy; reducing the noise from the many sources is not.
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Figure 5: OSHA noise regulations.

A brief review of noise measurement definitions will help to explain terms used in this report.  Sound is the result of acoustic pressure waves emanating from a noise source.  Acoustic transducers, such as microphones or human ears, respond to pressure waves and translate them into electrical signals.  Sound pressure is the RMS (root-mean-square) amplitude of the acoustic pressure wave.  The units of sound pressure are N/m2, and the standard refer​ence pressure is approxi​mately the lower limit of human hearing, which is 2 X 10-5 N/m2.  Sound intensity is the sound power per unit area, which is the square of the sound pressure divided by the specific acoustic impedance of air (the product of air density and the acoustic speed of air).  The intensity is proportional to the inverse square of the distance from the power source.  The sound intensity ratio is sound intensity divided by reference sound intensity, which gives a huge range of possible numbers, from 100 to 1014. To keep from having to work with such large numbers, the unit bel is used.  The value of bel is the exponent of 10, from 0 to 14.  The most common usage of sound intensity is the decibel (10-1 bel), and its abbrevia​tion is dB.  The standard threshold of hearing is 0 dB (sound intensity ratio equals 100), and the standard threshold of pain is 140 dB (sound intensity ratio equals 1014).  Humans can comfortably tolerate 80 dB for short periods. Often one will see the abbreviation dBA, which stands for A-weighted decibel.  This is a modification to the decibel which takes into consideration the human response to noise (humans do not hear high and low frequencies as well at low intensity levels).  The differences in sound pressure levels are not that large for noises of practical interest, so db and dBA are used interchangeably in this report.  

Although occasional modified and defective vehicles are among the most obvious noise sources in Costa Rican cities, noise from the great number of prop​erly functioning vehicles may have a greater effect on human health.  The effects of noise exposure are cumula​tive; long-term exposure to rela​tively low noise levels, causing a measurable reduction in hearing abili​ty, is more damaging than short bursts of very high noise levels.  The sound inten​sity decreases in proportion to the in​verse square of the distance from the source.  Therefore, anyone riding on a motorcycle every day or working on the street where motorcy​cles, trucks, and buses are operated suffers physiologically more in the long term than persons who are awak​ened on week​end nights by motorcy​cles racing one block away. 
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Table 2: Guideline values for sound level.

	PRIVATE 

	Day
	Night

	Purely in​dus​trial ar​eas
	70 dB
	70 dB

	Ar​eas with pre​domi​nantly in​dus​trial pre​mis​es
	65 db
	50 dB

	Mixed ar​eas
	60 dB
	45 dB

	Ar​eas with main​ly resi​den​tial build​ings
	55 dB
	45 dB

	Purely resi​den​tial ar​eas
	50 dB
	35 dB

	Health re​sorts, hos​pi​tals, etc.
	45 dB
	35 dB


In the United States the Oc​cupational Safety and Health Act (OSHA) speci​fies the stan​dards for worker noise.  Louder levels require re​duced expo​sure time, up to the maxi​mum contin​u​ous level, which is 115 dB.  This is shown in 5.  If the level is 95 dB, then the maxi​mum expo​sure is 4 hours.  In Germany ambient noise guidelines are suggested by the Tech​nical In​struc​tions on Noise Abate​ment, and the levels depend on where the noise is being mea​sured.  The guidelines are quite strict, as Table 2 shows.  Levels are mea​sured outside the nearest resi​den​tial building, 0.5 m in front of an open window.  High​er levels are al​lowed during the day, because night​time noise, especially loud, short-duration noise, can disturb sleep pat​terns.  

Assuming that a vehicle produces 100 dB at 0.5 m distance from its ex​haust pipe, we can determine, for example, what distance must we must be from the same source in order to be at the level sug​gested for a mixed resi​den​tial/industrial area at daytime, which is 60 dB.  The answer is found in the manipulation of the equa​tions relating sound pressure level, power, intensity, and distance, discussed above.  A simple equation that can be used to relate sound level in dB as a function of the distance from the source re​sults, as follows:

1
where r1 is the initial measur​ing dis​tance from the source, r2 is the final measur​ing distance, dB1 is the initial sound pressure level, and dB2 is the sound pressure level at the new loca​tion.  Using this equation we find that we must move 50 m away from that vehicle in order to mea​sure 60 dB.  

Therefore, a single vehicle emit​ting 100 dB at 0.5 meter, in a mixed area in the day​time, causes acceptable noise limits to be exceeded in an area 50 meters in radius.  The radius in​creases to 281 meters at night.  The radius increases to 90 meters within a mainly residen​tial area during the daytime.  In a purely residential area in the daytime, the radius is 158 meters, and at night, acceptable noise limits are exceeded within an 890 meter radius.   
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3. EMISSIONS TEST PROCEDURES AND STANDARDStc  \l 1 "3. EMISSIONS TEST PROCEDURES AND STANDARDS"
This chapter discusses the short emissions test procedures available for use in periodic inspection and on-road enforcement programs.  Because these procedures must be applied to a large number of vehicles, it is important that they be simple and quick to execute, and that they can be carried out with relatively inexpensive equipment.  Low equipment cost is especially important if inspections are to be carried out in private garages, since it may not be financially feasible for private garage owners to purchase expensive test equipment which may be used only occasionally.  The design of the I/M program thus constrains, to some extent, the nature of the test equipment that can be employed.  These considerations are discussed at greater length in the next chapter.

I/M programs and test procedures should be targeted at the vehicle types and pollutants of greatest concern.  For example, in Costa Rica, emissions from heavy-duty and medium-duty diesels are probably the most important vehicle-related air-quality concern.  Therefore, the I/M program should focus heavily on controlling smoke emissions from diesels.  There has been a tendency among developing nations to model their I/M programs after those in the developed countries - i.e. concentrating on HC and CO emissions from passenger cars.  While reductions in HC and CO emissions are certainly desirable, reducing diesel particulate emissions is considered to be of much greater significance for public health.

This chapter discusses short test procedures and emissions standards for the following pollutants:

1.Smoke and particulate emissions from diesel vehicles;

2.HC and CO emissions from gasoline vehicles;

3.White smoke emissions from two-stroke motorcycles; and

4.Vehicle noise emissions.
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3.1Inspection Procedures For Diesel Vehiclestc  \l 2 "3.1Inspection Procedures For Diesel Vehicles"
Emissions inspection procedures for diesel vehicles usually focus on smoke emissions.  Smoke can be measured in a number of ways, including the Bosch and Hartridge methods, or with the use of a full-flow opacity meter like the Wager meter used by EF&EE.  The present Ley de Transito specifies limits of 50 Hartridge or 4.0 Bosch units for microbuses and vehicles under 3.5 metric tons, and limits of 60 Hartridge or 4.5 Bosch units for larger diesels.  For black diesel smoke under steady-state conditions, these two measurements are essentially equivalent.  Depending on the smoke test procedure used, however, these standards may be either extremely strict or extremely lenient.

Instrumentation for smoke measurements  

Instruments for measuring smoke emissions can be divided into two main groups: Bosch-type (filter) meters and light-transmission opacity meters (opacimeters).  The latter group can be further subdivided into full-flow and partial-flow designs.  The characteristics of each type of meter and its advantages and disadvantages are discussed here.

[image: image5.wmf]
Figure 6: Bosch number vs. measured particulate emissions for buses in Santiago, Chile

In the Bosch method of smoke measurement, a spring-loaded sampler pulls a fixed volume of smoke through a filter paper, depositing the smoke particles on the paper.  The filter paper is then "read" by a photoelectric device, which produces a "Bosch Number" corre​sponding to the degree of blackness of the collected particulate matter.  The higher the Bosch number, the darker the smoke.  This method pro​vides an accu​rate mea​sure of soot and other dark material in the smoke, but it responds poorly or not at all to smoke particles which are not black.  Lubricating oil and diesel fuel droplets, for instance, produce a bluish or grayish smoke (due to light scat​tering), but have little color in themselves.  When collected on the Bosch filter, these drop​lets tend to make the filter wet, but not black, and therefore are not detected by the Bosch meth​od.  For I/M purposes, this is a major drawback, since excessive oil smoke (due to poor mechani​cal condition of the engine) is a major contributor to total partic​ulate emissions from diesel vehicles in use, especially in developing countries.  Because it fails to detect this blue or gray smoke, the Bosch method correlates poorly with actual particulate emissions from in-use vehicles.  6 shows a cross-plot of Bosch reading vs. measured particulate emis​sions for a large number of in-use buses in Santiago, Chile.  As can be seen, no correla​tion is visible.

For purposes of inspec​tion and maintenance, a better measure of excessive particu​late emis​sions is given by a light-trans​mission opacity meter (opac​imeter).  This type of smoke meter mea​sures the attenuation of a beam of light shining through the smoke plume, and regis​ters typi​cally in percent opac​ity.  Zero percent opacity corresponds to no smoke, while 100% opacity allows no light transmission.  Since these opaci​metric mea​surements include both the effects of light absorption (by soot) and light scatter​ing (by oil or fuel drop​lets), they provide a better indica​tor of excessive emis​sions of either type of smoke.  Light-transmission opacity meters include full-flow, end-of-pipe meters such as the Wager, and partial-flow, sampling meters such as the Hartridge meter presently used by the Policía de Transito.  The Hartridge and other partial-flow meters draw a continuous sample of the ex​haust into a chamber, and mea​sure the attenuation of a beam of light shining through the chamber.

For light-transmission opacity meters, the opacity mea​surement depends on the density of the smoke and the width of the plume of smoke that the light beam must pass through.  This width is known as the path length.  The path length is related to the light attenuation in the following equation, called the Beer-Lambert law:

2
where N is the opacity, in percent, e is the base of natural loga​rithms, k is the absorption coefficient (smoke densi​ty), and l is the effective path length through the smoke, in meters.  This equation can be used to correct smoke opacity measurements made at differing path lengths to a single comparable basis.  This relationship applies both to full-flow and partial-flow opacity meters.  For the full-flow meter, the path length can usually be approximated as the diameter of the exhaust pipe, which is typically in the range from 50 to 150 mm.  For partial-flow meters, it is the length of the measuring chamber built into the instrument.  This length varies depending on the meter: for the Hartridge meter, it is 457 mm (18 inches).  This relatively long path length makes the Hartridge meter sensitive to relatively low levels of smoke, but impairs its ability to distinguish between moderate smoky and extreme smoke levels.
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Figure 7: Correlation between different diesel smoke measurement indices (valid for steady-state, black smoke emissions only).  (SAE, 1992)

Although corre​lations are pub​lished which relate Bosch and other indices to opacity, the relations between the Bosch and opacimetric determinations are valid only for "nor​mal" (sooty) smoke, and only under steady-state conditions.  7 shows the relationship be​tween Bosch, Hartridge, and full-flow smoke opacity established for these limited circumstances.  This relationship is not valid for smoke containing a significant amount of oil or other hydrocarbons, nor is it valid for measurement under transient conditions, such as the free-acceleration test procedure discussed below.

In Chile, the Government switched from a Bosch-type method to the opacimeter method in 1989.  The Chilean experience has confirmed the greater effectiveness of the opac​imeter method.  This technique is also used in most I/M programs in the U.S. that include diesel smoke measurement, and we recommend that it be used in Costa Rica as well.

Smoke test procedures
To be meaningful, diesel smoke mea​surements should be taken with the engine under load.  Smoke levels under light-load conditions and at idle are normally very low, so that it is not possible to distinguish between clean vehicles and most smoky vehicles under these conditions.  Only a small minority of seriously malfunctioning diesels exhibit measurable smoke opacity under idle or light-load condi​tions.  Testing under these conditions, therefor, will identify only a minority of those vehicles having high smoke and PM emissions.

Snap acceleration (J1667)
One commonly used technique for loading the engine to achieve a mean​ingful smoke measurement is the so-called "snap accelera​tion" or "free-acceleration" test.  This test loads the engine with its own inertia, as the engine is rapidly accelerated from idle to full (gover​nor-limited) speed.  Although simple, convenient, and widely used, this test does not always give a reliable mea​sure of smoke emissions in actual use, since the operat​ing condition involved (rapid accelera​tion under no load) is not characteris​tic of normal engine opera​tion.  Test results are also very sensi​tive to proper conduct of the test.  The test is fast and convenient, how​ever, and is therefore widely used for on-road en​forcement.

In order to reduce the variabil​ity and improve the accuracy of the snap acceleration proce​dure, a committee organized by the Society of Automo​tive Engineers (SAE) has been work​ing to develop a standardized Recom​mended Practice for this test.  This recommended practice, now in draft form, has been designated J16​67.  A copy of this draft procedure is given in Appendix 4.  The draft pro​ce​dure is defined in enough detail to ensure consistency between readings and fairness to all vehicles found in North America.

The core of the pro​cedure is a "snap-idle" sequence that is administered by the inspector, and which must be accompanied by opacity measurement.  The sequence is as follows:

"Prior to each snap-idle cycle, the vehicle's engine shall be at normal low idle.  From this position, the operator shall as rapidly as possible move the throttle to the wide open position.  The operator shall hold the throttle at a wide open position until the engine has reached its maximum governed speed and an addi​tional one to four seconds has elapsed.  After this period, the throttle shall be fully released, and the engine allowed to return to normal idle. The engine shall be allowed to remain at idle for at least 5 seconds prior to the next snap cycle in the test sequence.  This allows the engine's turbocharger (if equipped) to  decelerate to its normal speed at engine idle, and helps to maintain repeat​ability between snap-idle cycles".  

SAE J1667 differs from earlier versions of the snap-acceleration test procedure mostly in its calculation of the final result.  Earlier snap-acceleration pro​cedures recorded the peak smoke opacity reached during the acceleration.  Many engines exhibit rela​tively narrow "needle" peaks, which means that the maximum value registered may be affected by the re​sponse time of the instrument.  A faster instrument will tend to see a higher peak in these circumstances.  On the other hand, the Bosch filter meter, inherently, measures the average smoke density during the period the sample is taken, which will generally give a different value (see our Phase I report, Figure 8, for an example of these differences).  Another problem with the Bosch method is that great skill is needed by the operator in order to trigger the sampling system at exactly the right moment to catch the results of the snap acceleration.  Triggering the sampler too soon or (the common case) too late will give an erroneously low value.
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Figure 8: Black smoke trace, consistency demonstration.

The result of the SAE J1667 procedure is the highest value reached by a 1/2 second running average of the instantaneous smoke opacity readings.  This value is calculated by the meter itself, internally, and then output.  This averaging process tends to reduce the impact of "needle" peaks which contribute little to total PM emissions, while still providing a good measure of maximum smoke density under transient acceleration conditions.

The snap acceleration proce​dure is sensitive to operator style.  It is important that the procedure conform exactly to the written direc​tions every time, in order to obtain the most accurate re​sults.  8 illustrates what hap​pens when the operator does not apply the accelerator cor​rectly and consistently.  This experiment was conduct​ed by EF&EE staff during the field program in Costa Rica.  The vehicle was one that exhibited moderately heavy smoke, but otherwise functioned properly.  The first three accelerations were applied according to the procedure in italics above.  The remaining three accelerations were applied "lazily", essen​tial​ly vio​lating to various degrees the requirement that the accelerator be depressed "as rapidly as possible".  Note that the smoke levels changed drastical​ly from the first accelerations, and also became much more variable.  The variation among the first three accel​era​tions is quite small, a good indica​tion that the procedure is being con​ducted properly.  Strict adher​ence to the accept​ed procedure can easily make the difference between passing and failing the test. 

We recommend that an engine integrity check be performed before beginning the snap-idle smoke measuring procedure, allowing the inspectors to listen for potential problems in the engine that could lead to engine damage if the above described procedure were carried out.  The most likely cause of damage would be engine overspeed, caused by a malfunc​tion​ing or maladjusted governor.  If the gov​ernor fails to limit the engine speed properly, the engine could easily be dam​aged.  To guard against this occurrence, the accelerator pedal should first be depressed slowly with the engine out of gear (clutch depressed or transmission in neutral), to confirm that the governor is properly limiting the engine speed.  An inoperative or improperly adjusted governor is a significant safety hazard, as well as making it unsafe to perform emissions tests.  Vehicles exhibiting this prob​lem should be required to undergo repairs and be pre​sented again for emissions testing.  Vehicles exhibiting an audible misfire in one or more cylinders, exhaust leaks that could compromise the test results, or such grossly excessive smoke emissions that they might contaminate the testing equipment should also be required to undergo repairs and be presented again for emissions testing.

Excessive engine speed could be determined from the ta​chometer (if the vehicle is so equipped), by the use of an external tachometer, or by ear.  The most likely indica​tor of overspeed would be valve float, which can be heard, but re​quires some training and prac​tice to recog​nize.  Use of an external tachometer generally requires access to the engine, which could delay the testing.  Many trucks and buses have well-concealed engines.  There​fore, we recom​mend this enhancement only for fixed-base inspection stations, where additional time would be more acceptable.

One complication regarding J1667 is that it has not yet been approved in final form.  SAE Committees require a consensus to approve a document.  Some truck engine manufacturers and one smokemeter manufacturer have opposed approving the standard.  They maintain that the procedure does not guarantee a fair and unbiased measure of black smoke under all conditions for all vehicles.  Some of this opposition appears to be politically motivated - in California, the on-road smoke enforcement program has been suspended, pending adoption of J1667.  The California trucking lobby, which has opposed all on-road testing, is maneuvering vigorously to prevent final adoption of this standard, since that would clear the way for a resumption of on-road testing in California. In our view, a perfect test procedure that is also safe and easy to carry out is unlikely to be developed.  We believe that the draft of J1667 given in Appendix 4 is the most cost-effective way to reliably pinpoint malfunctioning vehicles on the road, and recommend its adoption by Costa Rica.  Smokemeters implementing this draft are now commercially available from a number of suppliers.

Steady-state, full-load testing
The snap acceleration test procedure described above gives a good indicator of smoke opacity under transient conditions, such as accelerating away from a stop.  The other critical mode for smoke emissions is under steady-state conditions at full power.  For naturally-aspirated diesel engines (like most of those used in Costa Rica), smoke opacity under full-load, steady-state conditions tends to be moderately high, and may be very high indeed if the engine is malfunctioning or if someone has tampered with the maximum fuel setting to increase engine power.  Turbocharged engines (unless grossly malfunctioning) tend to exhibit relatively low steady-state smoke opacity, but may exhibit high opacity under transient conditions, due to the phenomenon of turbocharger lag discussed in Chapter 2.  

Measurement of full-load, steady-state smoke opacity requires a way to maintain the engine under a constant load.  This can be achieved either by use of a dynamometer, or by placing the vehicle's drive wheels on a set of free rollers and loading the engine by using the vehicle's own service brake.  This last approach has been codified as an ISO standard, and was used in Chile at one point.  It has an advantage in safety and convenience over the dynamometer, since a vehicle which slips off the free rollers cannot run away, being restrained by its own brake, while one slipping off the dynamometer rolls could - necessitating that vehicles be restrained during testing.  A disadvantage of the free-roller technique is that it may be difficult to control the engine loading, especially in trucks equipped with air brakes.  Another disadvantage is that drivers are frequently reluctant to apply the brake while running the engine at full power.  Although a vehicle's brakes should be able to absorb the full power output of the engine for a considerable time before overheating, drivers often fear that damage to the vehicle will result.  This fear may have some validity for small diesel vehicles with low GVW ratings and high engine power. 

Recommended test procedures and standards
EF&EE recommends that the on-road smoke enforcement program be based on the J1667 snap-acceleration test procedure.  For consistency, this procedure should also be used for periodic inspections in the Revision Tecnica.  Initially, this would be the only test procedure used.  Since the J1667 procedure requires only the smokemeter to implement, it can be put into effect quickly.  In the future, however, we recommend that this procedure be supplemented by a requirement for steady-state, full-load testing using either a dynamometer or the free-roller technique described above.  The corresponding approach for on-road testing could be based on visual observations (and photography) of vehicles climbing a steep hill.  Experience in the U.S. has shown that observers can be trained to make visual estimates of smoke opacity that are accurate to within 10%.  If on-road citations for high steady-state smoke were limited to vehicles exhibiting clear violations, as indicated by photographic evidence, this should stand up adequately in the legal process.

Recommendation of appropriate standards for smoke opacity is complicated by the fact that standards of 50 and 60 Hartridge (4.0 and 4.5 Bosch) units are already specified in the Ley de Transito.  These values, which correspond to maximum opacity levels of 11% and 14%, respectively, in a three-inch exhaust plume, are consistent and reasonably appropriate for steady-state, full-load testing of the type described above, and we recommend their adoption for this purpose (Appendix 2 shows the relevant chart).  The Hartridge opacity limits specified in the Ley de Transito are far too stringent, however, to be applied to snap acceleration testing.  In addition, the Hartridge and Bosch limits specified in the law, while equivalent under steady-state conditions, are not equivalent under the conditions of the snap acceleration test.  The Hartridge limits, if applied to the results of the SAE J1667 test procedure, would fail nearly every vehicle produced before the U.S. 1991 emissions standards took effect, and many produced after that time.  The Bosch limits, due to the longer sampling time, would fail considerably fewer vehicles.   

A comparison of Bosch and J1667 opacity data for trucks in Thailand was carried out by Radian Corporation (1994), with assistance from Douglas McGregor and Christopher Weaver.  The results of this study showed that 4.0 Bosch is roughly equivalent in stringency to 30% opacity (at a 76 mm path length) measured according to J1667, while 4.5 Bosch is equivalent to about 35%.  These data are shown in 9.  These results are similar to those obtained by EF&EE in an earlier study, and shown in Figure 8 of the Phase I report (the EF&EE results did not use J1667, but the peak opacity registered by the meter, and are therefore somewhat higher).   As the figure shows, there is considerable scatter in the data.  To account for this scatter, it might be appropriate to add 5 to 10% tolerance to the opacity levels mentioned above.
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Figure 9: Comparison of Bosch vs. opacimeter readings in snap acceleration testing (Radian, 1994).

A comparison with other on-road smoke enforcement programs is also appropriate.  In California, an interim snap acceleration smoke opacity standard of 55% has been adopted all pre-1991 model-year "heavy-duty" diesel vehicles, and 40% peak opacity for all 1991 and newer heavy-duty diesel vehicles.  These opacity levels will be measured according to SAE J1667, with the path length equal to the actual exhaust pipe diameter.  Thus, large engines with larger exhaust pipes are effectively subject to more stringent control than smaller engines.  The year 1991 is chosen because that was the year Federal law required stricter standards for new truck PM emissions.

Based on the foregoing considerations, we recommend that Costa Rica establish emission standards for smoke measured according to SAE J1667 equivalent to about 40% to 55% opacity (based on a 76 mm path length).  This is equivalent to a k value between 6.7 and 10.5 m-1, or Hartridge opacity readings of 95 to 99.  The 55% opacity limit would be a relatively lenient standard, while the 40% limit would be moderately strict.  Given the present extremely high levels of diesel smoke emissions in Costa Rica, it may be more prudent to begin with a relatively lenient standard - thus minimizing the shock to transport sector.  Based on our observations of uncontrolled and poorly maintained diesel vehicles in Thailand, we would expect about 30% of Costa Rican vehicles to fail at the 55% opacity level, and more than half to fail at the 40% level.

Although our recommended opacity standards are not numerically equal to the opacity levels established in the Ley de Transito, we believe that these standards were intended to apply to full-load, steady-state operation, and were never intended to apply to tests using the J1667 test procedure.  Applying the opacity limits in the Ley de Transito to tests using the J1667 procedure would result in virtually a 100% failure rate for pre-1991 vehicles.

Expressed in Hartridge units, our recommended opacity standards would be from 95 to 99 HSU.  Unfortunately, these levels are beyond the range at which the Hartridge meter is reasonably accurate, necessitating a change in equipment either to a full-flow opacity meter like the Wager, or a partial-flow unit having a shorter path length.  Available smoke test equipment is discussed below.

Available smoke test equipment
A number of manufacturers produce smoke measurement equipment.  The following are descriptions of the smoke measurement systems that we are familiar with, with a brief evaluation of the advantages and disadvantages:

Wager 650CP
This is a full-flow opacity unit, meaning it samples the entire exhaust plume as it leaves the exhaust pipe. The unit consists of a stack monitor (sensor) head which contains a pulsed LED (light emitting diode) light emitter and light receiver, connected by cable to a light, portable control unit which contains the batteries and the display. This is the same unit we used in Costa Rica for this investigation. It is also very similar to the unit used by the California Highway Patrol in that state's black smoke regulation enforcement program, although the 650CP has SAE J1667 built in, whereas earlier models did not. On the back of the control unit is a 0 - 1 vDC analog output, which corresponds to the opacity range. This is useful for recording the measurement on a strip chart machine. The 650CP has a built-in RS-232 port, for direct computer link.  EF&EE uses a communica​tion program PCPlus to interface with the 650CP.  By capturing the screen data we can capture the ASCII output of the 650CP.  The data is later manipulated into a spreadsheet program and an illustration program to yield graphs such as shown in Appendix 1. There are available software programs that combine all these functions in one application.

There are several distinct advantages, and some disadvantages, of the 650CP. Its measurements are repeatable and reliable.  It is very portable and can be operated for up to 30 hours on a single charge of its built-in battery.  Its data link protocol is simple and easy to use.  However, the Wager as supplied is difficult to attach to the wide variety of exhaust pipes found in Costa Rica.  The Wager comes with two clamps, a small​er one for pipes up to 4 inches diame​ter, and a larger one for pipes 5 - 6 inches diame​ter.  Mag​netic blocks help hold the assembly to the exhaust pipe.  Once the appropriate clamp is selected and bolted to the sensor head, and then clamped to the exhaust pipe, the assem​bly must be adjust​ed so that the light beam intersects the exhaust plume at its center. This is so the maximum path length, and hence the maxi​mum opacity read​ing, is obtained.  These steps must be repeated for every vehicle tested.  The procedure is time-consum​ing, and we found that there are many trucks in the field with ex​haust pipes that are too small for the large clamp and too big for the small clamp.  There are also vehicles which have unusual shapes that prevent use of the clamps. 

EF&EE has developed an adapter that replaces the magnetic clamps and greatly enhances the utility of the unit.  Unfortunately, this adapter is not yet commercially available, but it could be produced by any competent machine shop if Costa Rica were to select this system.  Adapter or not, many vehicles do not have long enough undamaged tailpipe ends to clamp to.  On vehicles that do, it is necessary for the operator to get very close to the exhaust pipe in order to attach it.  This is undesirable if the engine must remain running during the attachment. 

The 650 CP has no built-in capability for storing, and therefore no capability for averaging, the data values it displays.  The sensor head is not self-cleaning, as supplied by the manufacturer.  Unless a source of compressed air is added to the system, the lenses must be cleaned periodically by hand. Generally this would not be a problem, but unfortunately the extremely dirty vehicles encountered in the real world soil the lenses quite rapidly.

Wager 423
The Wager model 423 uses the same sensor head as the 650CP.  However, its control unit has a built-in printer capable of text and graphics and, with optional memory, the unit can store up to 8 hours of continuous tests.  There is an optional RPM reader which allows the unit to measure and record engine rpm as well as light transmittance.  Customized test sequences can be programmed into the control unit.  The 423, although much more capable and versatile than the 650CP, still suffers from the disadvantages inherent in the sensor head arrangement. 

Sensors, Inc.
This company supplies a smoke opacity transducer designed to be incorporated into an existing vehicle test system such as the California BAR 90 analyzer.  It is a partial flow unit, meaning that it measures light transmittance through only a sample of the total exhaust flow.  It does this by extracting part of the exhaust stream via a probe inserted in the tailpipe, and then channeling the smoke to a fixed-path-length measuring chamber inside the unit.  This unit is of limited usefulness to Costa Rica unless a complete "mother" system such as BAR 90 is also specified. 

Bear 43-295
Like the Sensors, Inc. partial flow opacity transducer this unit needs a control unit in order to provide usable results.  However, it is equipped with an RS-232 port for computer linking and a "temperature compensated" probe. 

Tecnotest 490
The Tecnotest model 490 is made in Italy.  This unit is portable in that it comes on a wheeled cart and is powered by the vehicle's electrical system (or any 12 vDC power source).  It comes standard with a small printer, a vacuum gauge, an engine rpm counter, two exhaust pipe adapters and a flexible extension tube, and a remote display/switch unit.  The Tecnotest can read in opacity or K-values.  The unit is somewhat top heavy, making it prone to falling over when moved, and yet it must be moved constantly in order to attach the extension hose.  The extension hose is not long enough to reach high, vertical exhaust stacks on large trucks.  The exhaust pipe adapters supplied fit only single, round exhaust pipes.  They would be difficult or impossible to use on some of the odd pipes found on Central American vehicles.  In our experience Tecnotest has experienced some durability problems with the hose assembly.  The model 495 is similar except that it is equipped with an RS-232 port for computer/data linking.

Bosch ETD 020.00
This is one of Bosch's filter-type smoke meters.  It requires the smoke​meter evaluating unit model ETD 020.50.  It is portable, and requires batteries only for the smokemeter evaluating unit.  It can be used on any diesel vehicle, as long as the exhaust pipe will accept the probe.  We expect a small percentage of vehicles whose exhaust pipes would be too small or too obstruct​ed for this unit.  The unit is light, compact, and well-constructed.  It has a minimum of moving parts, and is easily serviced.  However, the ETD must be cleaned often, for the soot will build up readily inside the probe and probe hose.  The ETD must also be checked often for integrity, a simple procedure that requires minimal skill.  As stated above, the ETD 020.00 and 020.50 are designed for constant load testing.  Bosch makes a similar model, the EFAW 65 B, which is designed for free acceleration testing.  The major difference of these models is the designed sampling time.  The greater the sampling time, the lower the average Bosch number in the snap-idle test, since the peak smoke opacity occurs only for a very short period as the engine accelerates.   

The disadvantage of the filter method was discussed above.  The ETD 020.00 has another disadvantage, which is that the sampling cycle is manually controlled and must be carefully coordinated with the application of the accelerator in the snap-idle test.  Although the ETD and EFAW as shipped can be set up and operated by one person, it is very tempting to have one person operate the accelerator and one person operate the Bosch.  In our experience, this can result in wildly varying and therefore invalid results.  We do not recommend the use of the Bosch filter unit for snap-acceleration testing. 

Bosch RTT-100
Bosch also makes an opacity unit, the RTT 100, which uses the Hartridge principle discussed above.  Although the unit is portable, it is considerably less portable than the ETD 020.00 or EFAW 65 B.  It is comparable to the Hartridge MK 4 in size and weight, and likewise requires external power (12 vDC or 110-220 vAC).  However, there are a number of advantages to its design.  It is a partial flow type meter, and it connects to the test vehicle simply by inserting an exhaust probe.  It has an optional built-in printer.  It can display smoke in opacity, K-value (absorption coefficient), or particulate matter mass concentra​tion (interpreted from British Motor Research Industry Research Association tables).  It has an optional engine RPM sensor, and can print RPM as well as smoke parameters.  The unit is designed to recognize acceleration events (signalled by the sharp rise in opacity) and begin sampling automatically.  With software changes (owned and to be applied only by Bosch), it can be programmed to sample under any desired sequence and calculate its output with any desired algorithm.  Software changes also allow multi-language display.  It is completely self-calibrating.  The RTT-100 has one built-in feature that none of its competitors seem to have, which is the ability to change its "response" time, an electronic delay that simulates the physical delay between a smoke event at the exhaust pipe and the measuring event inside the machine.  The measurement path length is 10 cm, giving the Bosch unit good sensitivity for the opacity range of interest for J1667 testing.

The RTT-100 has an RS-232 port, which, with optional software (not yet commercially available from Bosch), can be used to export smoke opacity and RPM values directly to a PC.  There is no analog output for a strip chart recorder (but the built-in printer can output in "strip chart" mode). Although the RTT-100 is more expensive than many of the units we have listed, it is a complete system, ready to use as supplied.  Although the RTT-100 is "self-cleaning", it can be overwhelmed by extremely dirty exhaust.  Unfortunately, vehicles with extremely dirty exhaust are not uncommon in Costa Rica. 

Hartridge Smokemeter MK 4
The model MK 4 recently replaced the MK 3, the unit currently used by the Policía de Transito.  The MK 4 has a number of improvements.  It now displays and stores data digitally.  A remote control unit allows the operator to command the machine and view the test results from the driver's seat.  Software prompts the operator during different phases of the test cycle.  Different software also allows the unit to perform the different measuring protocols found in different countries or jurisdictions.  The unit can interface with a printer.  Although the unit does not come with an analog output for a strip chart recorder, Hartridge has told us they would add one for any customer who wanted it.  The smoke tube heater is standard equipment.  Unfortunately, as indicated above, the length of the measurement path, at 45 cm, is too long to give good resolution for the range of opacity values of interest for the SAE J1667 test procedure. 

Telonic Berkeley Model 300
The Model 300 is a full-flow unit similar in concept to the Wager 423.  A built-in printer can record test results.  Optional equipment include an RPM sensor, exhaust gas temperature correction, and barometric pressure correction.  An RS-232 port is provided.  The output is averaged according to the J1667 protocol, and can read in opacity or smoke density units. The sensor head range is given as 3 inches to 6 inches (76.2 mm to 157.4 mm).  Three inches is too large for many light- and medium-duty diesels found in Costa Rica. 

CalTest 850P
The Model 850P is the basic Calsonic model.  It is a full-flow model, with a lightweight, magnetized sensor connected by cable to the control unit.  An optional clamp allows the unit to be carried along for on-the-road testing.  The unit is self-cleaning.  The unit has an RS-232 interface port.  The meter is configured to the SAE J1667 standard.  Calsonic models 1000 and 2000 have additional features, such as data storage, RPM meter, oil temperature meter, density unit readout, extensive user interface (allows input of test data such as stack diameter, vehicle ID numbers, odometer reading, and so forth), and Test Summary function.  The sensor head is designed to fit exhaust pipes up to 7 inches (178 mm) diameter. 

EF&EE recommendations regarding smoke test equipment
To enforce emissions standards based on SAE J1667 will require a change in equipment from the present Hartridge smokemeters.  Even if that were not the case, it would be desirable to update the equipment now being used by the Policía de Transito.  We believe the filter method is not acceptable for Costa Rica, owing to the high degree of variability inherent in the method, and the lack of automation.  Although full-flow smokemeters have a number of advantages, including better portability in many cases, partial-flow meters such as the Bosch RTT100 are easier to use with odd-sized, irregular, or damaged exhaust pipes, which seem to be very common in Costa Rica.  The situation would be different if well-defined exhaust outlet configurations were ensured by rigidly enforced standards.  RPM counters have limited value in the field since the hood must be raised and the RPM sensor laboriously attached before the test can begin.  We would not recommend them for field units.  However, their use in inspection stations would be warranted, especially since we believe correct governed speed should be part of the test.

It is not a great concern that different makes of meters may be purchased in the future, or that J1667 may change before it is adopted, as many makes are designed so they can be configured to emulate their competitors. Following are specifications we recommend for the smoke opacity measurement system, which can be completely self-contained or integrated with an emissions measurement system, such as the BAR 90 described above:

(light-beam attenuation method.

(either full flow or partial flow.

(must adapt easily to exhaust pipes 36 mm to 178 mm diameter.

(self-cleaning.

(available with or without J1667.

(single operator control.

(built-in printer, or incorporated into system.

(RPM sensor (for fixed-base units only).

(portable (can be powered with 12 vDC) (not necessary to carry in test vehicle).

(can store at least 8 hours worth of data.

(can interface with other computers via RS-232 serial port.

(built-in capability for pass/fail determination and averaging schemes.
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For vehicles with spark-ignition engines, the "inspection" element of the I/M program typically includes a measure​ment of tailpipe HC and CO concentrations.  In some jurisdictions, a visual check of the emission control systems is performed, and some areas conduct a functional check of certain systems, such as the EGR system and ignition timing.  Checks of evaporative control systems have recently been introduced in the U.S.  Vehicles with malfunc​tion​ing or disabled emission controls and/or excessive levels of exhaust pollution must be repaired and retested.  (Often, but not always, there is provision for a "cost waiver" - a limit on the amount that the vehicle owner can be required to spend for repairs, except in the case of deliberate tampering.)

Exhaust Emissions
The emissions test most commonly used in inspec​tion/maintenance programs is a measurement of HC and CO con​centration in the exhaust while the vehicle is idling.  Many inspection programs supplement this measurement with a second measurement carried out with the engine running at 2500 RPM with no load.  The major advantage of these idle/2500 RPM measurements their convenience, and the fact that the measurement does not require a dynamometer or other expensive equipment.  The idle test was originally developed for vehicles with little or no emission control, and for those vehicles it can detect a relatively high proportion of malfunction​ing or maladjusted engines.  These vehicles are normally equipped with mechanical carburetors or fuel injection systems, for which the air/fuel ratio at idle is mechanically related to the air/fuel ratio under load.  Thus, measurement of HC and CO emissions at idle and 2500 RPM "off-idle" conditions gives a reasonable indication of the emissions in normal operation.

The idle/2500 RPM test procedure does give satisfactory results for vehi​cles using electronic air/fuel ratio control systems.  Despite the widespread use of this test procedure in I/M programs, the correlation between idle test results and actual emissions from modern vehicles is poor. In particular, the idle/2500 RPM procedure passes many vehicles that have high emissions when measured in a more comprehensive emissions test.  Passing a vehicle that has high emissions is conventionally referred to as an "error of omission".  The idle/2500 test also sometimes fails vehicles which do not have excessive emissions when measured on the FTP, and which are not malfunction​ing.  This is known as an "error of commission".  Errors of omission reduce the effectiveness of the I/M program, while errors of commission unnecessarily increase costs to the consumer, and may even increase emissions, as mechanics try to fix a car that is already working properly.

In the past, a number of car models suffered from chronic errors of commis​sion in the idle/2500 test procedure, usually due to the interaction between catalyst protective strategies (such as turning off air injection after a specified period at idle) and the I/M test procedure.  These "pattern failures" were a significant issue in the late 1980s, but more recent vehicles have mostly been designed to avoid this problem.  Regulations recently adopted by the U.S. EPA require new vehicles, as a condition of emissions certification, to pass all applicable I/M tests with significant margin for deterioration.

The idle/2500 RPM test fails to detect many problems that lead to high HC and CO emissions.  It is also ineffective in detecting high emissions of NOx, since meaningful measurements of NOx emissions require that the engine be under load.  In order to increase the effectiveness of I/M testing, especially for NOx, many jurisdictions require supplementary visual and functional checks of the emission controls.  For instance, the mechanic is required to confirm the presence of the catalytic converter, check that the fillpipe restrictor is in place, check for lead in the tailpipe (indicative of misfueling), confirm operation of the EGR valve, check ignition timing, etc.  Because these checks are time-consuming, however, many mechanics in decen​tralized I/M programs do not carry out the required checks.  The most recent Smog Check Evaluation of California's decentralized test program (considered a model program of its type) estimated that only 24% of underhood defects were correctly identified (California I/M Review Committee; 1993). Inspections in centralized programs may be somewhat more effective, due to the possibility of more effective oversight, greater opportunities for training, and greater experience of the inspection personnel.  Even so, these inspections are a poor substitute for actual measurements under realistic conditions.

To help reduce the false failures associated with the idle test, some I/M programs are requiring preconditioning at 2500 rpm, no-load, for three minutes before a final idle test failure determina​tion is made.  This precon​ditioning will help ensure that the control system is in normal closed-loop operation and the catalytic converter is adequate​ly warmed-up.  Although adequate precondi​tion​ing minimizes false failures, the correlation between I/M test results and FTP emissions remains poor.  Studies in Californi​a (Austin and Sherwood, 1989) and the Federal Republic of Germany (OECD, 1989) have shown that more representative test procedures - requiring dynamom​eter load​ing of the vehicles - give substantially better performance, especially for NOx emissions.  Researchers in California found that a particular test mode called the ASM5015 (15 MPH, with horsepower loading equal to that required to achieve 50% of the maximum acceleration rate on the FTP) gives reasonable correlation with the FTP, and is effective in identifying vehicles with high emissions.

In the U.S., there is also much work underway at present on the development and evaluation of advanced I/M test procedures.  These procedures involve testing the vehicle under simulated transient driving conditions, using equipment similar to that for the emissions certification discussed in the Phase I report, but with an abbreviated driving schedule.  An example of such a procedure is the 240-second I/M 240 test procedure developed by the U.S. EPA (Tierney, 1991). This test procedure was also discussed in the Phase I report.  It involves operating the vehicle over a transient driving cycle, simulating the stop-and-go of real driving, in a manner similar to that experienced in the FTP.  Such a simulation requires fairly elaborate test equipment, including a dynamometer with flywheels to simulate the effect of the vehicle's inertia, and a more expensive sampling and measurement system.  The I/M 240 test procedure has shown good correlation with the full U.S. FTP,and has been shown to be more effective than steady-state loaded tests in identifying high-emitting vehicles (Pigeon, et al, 1993).     

Compared to earlier tests, the IM240 and similar test cycles offer many advantag​es.  Being based on realistic driving cycles, they correlate well with the result of complete emissions tests, while being considerably shorter and less complex to carry out.  Since the emis​sions measured in the test procedure are representative of those produced in actual driving, errors of omission and commission are greatly reduced.  The low likelihood of errors of commission makes it possible to establish more stringent standards, thereby reducing errors of omission.  The test procedure also provides a realistic measurement of NOx, as well as HC and CO emissions, making visual and functional checks of EGR, spark timing, catalyst presence, etc. unnecessary.  This reduces the opportunities for fraud and error in the inspection program.

The disadvantages of the IM240 test are its length (which reduces throughput), and the cost and complexity of the equipment required to perform it.  The cost of the test equipment to perform the I/M 240 test is about US$160,000 per test lane.  For comparison, equipment to perform the ASM5015 test is around US$40,000, and simple idle/2500 tests require an analyzer costing between US$5,000 and US$12,000.  On the other hand, competition and economies of mass production are reducing the costs of I/M 240 systems significantly.  Some regulatory agencies have also raised concerns about the possibility that the driver could deliberate​ly or inadvertently induce an I/M failure, by "dithering" the accelerator to increase emissions, but without exceeding the tolerances established for following the driving cycle.  This would be most likely to be a problem in a decentralized program, as there would be no motive for an inspector in a centralized program to induce a failure.

Evaporative Emissions
Evaporative e missions account for about half the total HC emissions from gasoline vehicles, and faulty evaporative control systems can increase these emissions many-fold.  Two common failure modes for evaporative systems are leakage of vapor from the fuel system, and failure of the canister purge system
, which results in the canister becoming saturated and ineffective.  New U.S. EPA specifications for "enhanced" I/M programs require a pressure test for fuel vapor leakage, and a functional check of the canister purge system.  Few vehicles are programmed to purge under idle or 2500 RPM/no-load condi​tions, so that there is no way to check the proper operation of the purge system in this test.  Evaporative purge system do normally operate during the ASM 5015 and I/M 240 tests, so that these test procedures do provide a good check of the evaporative purge system. 

Recommended test procedures and standards for gasoline vehicles
For best effectiveness, it would be desirable to use the I/M 240 procedure for I/M testing of gasoline vehicles.  However, the sophistication of this procedure is really required only for late-model, low-emission cars and light trucks - for older vehicles with less-sophisticated emission control systems, the two-speed idle test provides an adequate alternative.  Considerations of lead-time and cost would also rule out the widespread use of the I/M 240 procedure at the present time.  For this reason, we recommend that Costa Rica perform I/M testing on four-stroke gasoline vehicles using the two-speed idle test (testing of two-stroke vehicles is discussed in Section 3.3).  In addition to the two-speed idle, we recommend a visual and functional inspection to confirm the present and proper operation of key emission control components, including the catalytic converter, fueling inlet restrictor, EGR valve, and other emission control components identified on the vehicle's emissions control label.  Note that such inspections are applicable only to vehicles that entered Costa Rica beginning January 1, 1995.  Before that time, our understanding is that it was not illegal to remove any emission control components installed on the vehicle.

As for emissions standards, we recommend 220 PPM HC (as hexane) and 1.20% CO by volume as the limits for light-duty and catalyst-equipped medium-duty gasoline vehicles imported beginning January 1, 1995.  These are the same limits established by the U.S. EPA for 1981 and later vehicles in "basic" I/M programs, and can easily be met by vehicles with three-way catalysts when operating properly.  For heavy-duty gasoline trucks not equipped with catalytic converters, four-stroke motorcycles, and vehicles imported before January 1, 1995, we recommend the emissions standards established in the Ley de Transito: 300 PPM HC (as Hexane) and 2% CO by volume, to be met both at idle and at 2500 RPM with no load.  These are relatively strict standards for older vehicles, but the law provides no latitude for relaxing them.

Recommended test equipment
The two-speed idle test requires only minimal equipment, in the form of a four-gas analyzer.  The specifications for these systems established by U.S. federal regulations require that they include a sample probe, moisture separator and analyzers for HC and CO.  For dual exhaust systems, a dual sample probe may be used; if used, the probe must provide equal flow in each leg, within 15%.  The HC analyzer should have an accuracy of (15% ppm at 200 to 220 ppm concentration HC (as hexane).  The CO analyzer should have an accuracy of (0.1% CO from 1.0% to 1.2% concentration.  The response time of the analyz​ers should be 15 seconds to 95% of final reading.  Analyzer drift (up-scale and down-scale zero and span wander) should not exceed (0.1 CO and (15 ppm HC (as hexane) on the lowest range capable of reading 1.0% or 200 ppm HC (as hexane) during a one-hour period.  Most commercially available analyzers can easily meet these specifications.  If testing is to be carried out in private garages, without direct oversight by the government or a QA/QC organization, then additional specifications should be included to limit the possibilities for fraud and improper testing on the part of the garages.  The BAR 90 specifications, developed by the California Bureau of Automotive Repair, represent the most extensive and detailed provisions yet developed in this regard, and have been widely adopted in basic I/M programs throughout the U.S.  Analyzers complying with BAR 90 specifications are readily available, with user prompts in Spanish or English, and cost about US$12,000 each.
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3.3Inspection Procedures for Two-Stroke Motorcyclestc  \l 2 "3.3Inspection Procedures for Two-Stroke Motorcycles"
Under the present Ley de Transito, motorcycles are exempt from periodic I/M testing, but not from on-road emissions tests.  Measurement of HC and CO emissions from two-stroke motorcycles should be performed using separate equipment from that used for measurement on four-strokes, since the grossly excessive HC emissions from the two-stroke engine will contaminate the sample line and lead to high readings in subsequent tests.  In a past study for the Thai government, we recommend​ed a maximum idle HC limit for two-stroke motorcycles of 14,000 PPM hexane.  This is scheduled to be tightened to 10,000 PPM in the future.  Many of the two-stroke motorcycles in Costa Rica come from Taiwan, where an idle HC limit of 10,000 PPM is already in effect, so such a limit might be feasible for Costa Rica as well.  For CO, we recommend the same limit as for four-stroke vehicles, 2%.

The most important goal of I/M for two-stroke motorcycles should be to limit white smoke emissions.  Measurement of white smoke from two-stroke vehicles presents even more problems than black smoke measurement on diesels.  This is because motorcycles exhibit greater variation in exhaust pipe configuration than do trucks, and because white smoke levels are even more dependent on ambient conditions and engine pre-conditioning.  However, white smoke testing for motorcycles is necessary and valuable for controlling white smoke and particulate emissions.  

Appropriate procedures for white smoke testing have been developed only recently, and are not yet in wide use.  These procedures were developed in a project in Thailand, with funding from the World Bank (McGregor et. al, 1994).  A similar procedure is in use in Taiwan.  Smoke opacity measurements are carried out using an in-line smoke opacity meter, similar to that used to measure diesel smoke opacity.  This opacity meter is connected to an adapter, which connects to the motorcycle's exhaust pipe, and which standardizes the path length through which the opacity measurement is taken.  The motorcycle is then "revved" repeatedly by suddenly opening and closing the throttle with the engine at idle.  The maximum smoke opacity as displayed on a strip-chart recorder (or, alternatively, an electronic data recording system) is taken as the emissions measurement.  Recommended maximum smoke opacity, using this system, is in the range of 30 to 50%, using a three inch (76 cm) path length.
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The ISO (International Stan​dards Organiza​tion) has set a standard survey method for stationary vehicle noise, designated ISO 5130-1982, and DPC is considering the adoption of this standard for roadside check pro​grams and I/M programs.  The standard has a number of specifica​tions, including:
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Figure 10: ISO sound level meter position for motor​cy​cles.

1.Sound level meters of 1 dB or better accura​cy;

2.An engine revo​lution counter;

3.The vehicle must be 1 m from the pave​ment edge and 3 m in any direc​tion from any object "likely to affect the read​ing of the sound level me​ter";

4.Background noise must be at least 10 dB less than the noise emissions standard;

5.The noise is mea​sured at a strictly de​fined engine speed, which is three-fourths of the speed at maxi​mum engine power, in most cases, and;

6.The sound level meter or micro​phone must be placed at a height equal to that of the exhaust pipe outlet, 0.5 m away from the outlet, and at a 45( angle ((10() from the direction of the exhaust gas flow.  Meter position is shown in 10. 

The noise emissions standards established in the Ley de Transito are 96 dB(A) for autos and vehicles under 3.5 tons GVW; 98 dB(A) for motorcycles, microbuses, and vehicles between 3.5 and 8 tons gross vehicle weight; and 100 dB(A) for buses and heavy-duty vehicles above eight tons GVW.  These standards are consistent with noise measurement at 0.5 meters from the exhaust, following the ISO procedure.  These are relatively lenient standards, and would mostly catch only vehicles with seriously defective or tampered noise control systems.  Passen​ger cars and light-duty vehicles are capable of meeting a more stringent standard, but this may not be appropriate, since these vehicles contribute relatively little to highway noise emissions.

EF&EE participated in a pilot project in Bangkok, Thailand, to adapt the ISO test procedure to the needs of roadside testing (McGregor et al, 1994).  The noise meters used in this study were battery-operated, hand-held or tripod-mounted, and very portable.  The unit can be held comfortably in one hand.  The unit can be set to display real-time noise levels, or peak noise level, the last loudest noise measured by the unit.  The display is set to read in decibel units, or dB.  These meters cost about US$1,000 to US$2,000 each.  

Noise meters should be calibrated often, and calibra​tion is an easy procedure, but requires a separate calibration noise source.  It is very important to apply noise meters properly.  Because most frequen​cies in the sound spectrum are quite directional (the highest frequencies being the most directional), it is essential to aim the instrument directly at the sound source, or at least at a consistent direction in relation to the sound source.

Because noise loudness decreases in proportion to the inverse square of the distance from the source, and because interference from nearby objects can greatly change the sound levels, correct placement of the noise measuring instrument is important.  For the Thai program, we initially relied on two devices to achieve this, an adjust​able tripod, which allows angle and height setting, and a distance/angle gage, a tool which allows one to quickly place the tripod at the correct location.  It would have been preferable to combine these into some mechanical means of locating the instrument at the same distance from and at the same orientation to every vehicle being measured. Fortunately, there are meters available which are equipped with such means. They usually consist of some device that can raise and lower the microphone unit, and some retractable device that gauges the correct distance to the noise source. We recommend that such features be included in specifications for noise measurement instruments. 

ADVANCE \D 72.0
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Experience in the U.S. and in many developing countries has shown that it is difficult to implement an effective vehicle inspection and maintenance program.  To be effective, a periodic inspection and maintenance program requires each of the following:

(a suitable test procedure, supplemented by inspec​tion of emission control systems where necessary;

(effective enforcement of vehicle compliance (e.g., through the vehicle registra​tion process);

(adequate attention to repair procedures and mechanic training (so that the mechan​ics are able to diagnose and fix the vehicle after it fails the inspec​tion);

(routine quality control;

(enforcement of program requirements for inspectors and mechanics - especially in decentralized programs - through means such as undercover vehicles containing known defects;

(periodic evaluation and review, to identify problem areas and develop solutions;

(vehicle model year coverage that includes older vehicles; and

(minimization of repair cost waivers and other waiv​ers and exemptions.

To meet these requirements calls for a very well designed program that is well-funded, politically supported, and staffed with technically competent personnel.  In many cases, it has proven difficult to maintain these elements over the long term, and this has resulted in less effective programs.

Especially in developing countries, care is necessary in designing the inspection, enforcement, and mechanisms for I/M programs.  Otherwise, weak administrative and regulatory arrangements can result in massive evasion of I/M programs or corrupt practices on the part of I/M officials and inspectors.  The experience with enforcement of traffic and safety regulations in developing countries has shown many instances of these types of problems.
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The tendency in developed countries such as the U.S. has been to design motor vehicle I/M programs around private passenger cars, with other vehicle classes included as an afterthought, if at all.  This is probably inappropriate even in developed countries, where passenger cars account for most pollutant emissions, and is even less appropriate in Costa Rica.  Because of their size, and relatively intense usage, high-use commercial vehicles such as buses, minibuses, taxis, and trucks account for a large fraction of total motor vehicle pollution in Costa Rica, even though they make up only a small fraction of the total fleet.  More frequent and more stringent inspections are therefore justified for these vehicles.  Because of the implications of these vehicles for public safety, it is also appropriate to include safety inspections (brakes, tires, etc.) at the same time as the emissions inspection.

All of these design features are included in the present Ley de Transito.  The provisions of this law call for all vehicles (except motorcycles and autos less than five years old) to undergo the Revision Tecnica each year in order to be permitted to circulate on the road within Costa Rica.  Public transport vehicles (taxis, buses, and microbuses) are required to undergo inspection every six months, as are heavy duty trucks.  Autos less than five years old require inspection every two years.  EF&EE agrees with most of these provisions.  However, our studies in Thailand (McGregor et al, 1994) showed no correlation between emissions measured in the I/M test and vehicle age, at least for vehicles without emission controls.  Therefore, we recommend subjecting vehicles less than five years old to the same annual inspection as older vehicles.  In addition, we believe that the exemption of motorcycles from I/M is inappropriate, as these account for nearly 20% of total gasoline vehicles, and an even larger percentage of pollutant emissions.    

PRIVATE 
Table 3: Projection of annual vehicle inspections, based on Costa Rican vehicle population.

	PRIVATE 

	Vehicles Registered - 1993
	Inspect/

Vehicle/ Year
	Total Inspections1

	
	Gasoline
	Diesel
	Total
	
	Gasoline
	Diesel

	Automobile
	115,368 
	7,975 
	123,343 
	1 
	173,052 
	11,963 

	Jeep
	15,122 
	16,578 
	31,700 
	1 
	22,683 
	24,867 

	Family Microbus
	10,181 
	741 
	10,922 
	1 
	15,272 
	1,112 

	Light Truck
	46,978 
	31,760 
	78,738 
	1 
	70,467 
	47,640 

	Heavy Truck
	1,383 
	14,036 
	15,419 
	2 
	4,149 
	42,108 

	Autobus
	544 
	4,217 
	4,761 
	2 
	1,632 
	12,651 

	Microbus
	120 
	915 
	1,035 
	2 
	360 
	2,745 

	Taxi
	115 
	1,501 
	1,616 
	2 
	345 
	4,503 

	Motorcycle
	53,040 
	151 
	53,191 
	1 
	79,560 
	227 

	Total
	242,851 
	77,874 
	320,725 
	
	367,520 
	147,815 


1 Assumes 50% of vehicles undergo two tests.

Source of vehicle population data: Hernandez, 1993.

3 shows the estimated number of I/M inspections required per year, based on the 1993 vehicle population of Costa Rica, the number of inspections required per vehicle per year, and an assumed re-inspection rate of 50% (that is, 50% of vehicles require two inspections to pass).  Based on these assumptions, it should be necessary to perform about 350,000 gasoline vehicle inspections and 150,000 diesel vehicle inspections per year.  These totals assume that Costa Rica follows our recommendations, stated above, for annual testing of cars under five years old, and that motorcycles are also subject to annual testing.  If these assumptions were not included, the number of gasoline vehicle inspections would be reduced to about 250,000 per year.

To simplify administration of I/M and guard against evasion of program requirements, it is desirable to link the I/M system with the vehicle regis​tration system.  Ideally, vehicles should be identified by license plate, engine and chassis numbers, and physical descrip​tion (make, model, year, body type), and this information would be available on-line at the point of vehicle testing.  Information on vehicle test re​sults, retrofit equipment installed, and vehicle disposition would also need to be kept on-line, and special reports gener​ated.  To achieve this will require major streng​thening of the vehicle registration programs in Costa Rica.
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I/M program costs and effectiveness depend on the test procedure and institutional setting.  Periodic inspection and maintenance programs can be classified as either centralized or decentral​ized.  In centralized programs, vehicles are required to be presented at one of a small number of high-volume inspection facilities for inspection.  These facilities are govern​ment-controlled, and may be run either by government employees or by an independent contractor (the latter arrangement is more common, due to its generally lower costs).  In the typical program, government franchises a single contractor to build and operate all of the inspection centers in given area, while charging a set fee to the public.  These franchises are normally awarded on a competitive basis, taking into account both the technical competence and experience of the proponents and the proposed fee.  The fee is normally set at a level that allows the I/M contractor to recovers its capital and operating costs and make a profit over the time period covered by the franchise.  In some cases, governments have issued multiple franchises for the same area - in Mexico City, for instance, franchises have been awarded to five different consortia, reducing the Government's dependence on any one organization. 

In a decentralized program, vehicles are inspected at any of a large number of private service stations and garages, which also make repairs on vehicles found to fail the emissions test.  These inspection and repair stations are generally licensed and authorized by the regional or local government, but are not under its direct control.   This situation presents many opportunities for fraud, both against the consumer (failing vehicles which should have passed, in order to "repair' them) and against the system (passing vehicles which should have failed, either in return for a bribe or just to keep the customer happy).  To help deter fraud, decentralized I/M programs in the U.S. require the use of emissions analyzers such as BAR 90
, which incorporate extensive automation of the inspection process.  This automation is intended to make fraud more difficult.  In addition, well-run decentralized programs incorporate extensive overt and covert (undercover) audits of inspection stations to make fraud more risky.  Fraud and poor performance are, nonetheless, still very possible, and common.  Although the BAR 90 analyzer itself reads the pollutant concentrations and makes the pass-fail decision, there is no way to ensure that the analyzer is inserted in the right tailpipe.  Similarly, there is no way for the analyzer to know whether the mechanic has carried out the visual and functional checks he has been prompted to perform, and many mechanics do not do so in order to save time.

Although it is undoubtedly true that many - perhaps the majority - of private garages doing inspection in decentralized programs are competent and conscientious, there is a tendency for the bad inspectors to drive out the good, in a process similar to Gresham's law.  Inspectors who can manage to pass vehicles that should fail will tend to be patronized by consumers wishing to avoid an expensive repair, in preference to their honest competitors.  Inspec​tors who don't take the time to do a full underhood inspection can carry out an inspection in less time, and therefore at lower cost, than their more conscientious competi​tors.  Even though the majority of inspectors might be honest and competent, the owners of the high-emitting vehicles that are the target of the inspection program are disproportionately likely to patronize the minority who are not - greatly reducing the effectiveness of the program.  Studies by U.S. EPA auditors have often found rates of improper inspections exceeding 50% in decentral​ized I/M programs (Tierney, 1991).

Since the number of inspection locations and inspectors is much smaller in a centralized program, the levels of skill and training of the inspectors can be much higher, and cheating can be prevented much more easily.  Centralized I/M programs thus tend to have much lower rates of improper inspections.  They are also better suited for handling retests after repair, and for determining eligibility for cost waivers.  In decentralized programs, where the same garage performs both the repair and the after-repair check, these activities present a clear and important conflict of interest.  Based on the long history of problems where testing and repairs are carried out by the same organization, the U.S. EPA now discounts by 50% the estimated benefits of any I/M program that does not separate test and repair.  This discount is applied in determining states' progress toward meeting emission reduction goals set in the Clean Air Act, and has the effect of mandating centralized I/M programs in heavily-polluted cities. 

Inspection costs tend to be lower in centralized facilities due to economies of scale.  In California's decentralized idle/2500 RPM I/M program, inspection fees average about US$ 40.  I/M 240 testing on a decentralized basis is estimated to be prohibitively expensive.  Costs of I/M 240 testing in centralized facilities are estimated to be less than $US20. The nine existing centralized contractor-run programs (using idle/2500 RPM tests) in the United States average less than US$ 8 per inspection.  The three centralized programs in Connecticut, Wisconsin and Arizona utilizing dynamome​ters and loaded test procedures charge fees in the range of US$ 7.50 to US$ 10.  

The institutional setting also affects the type of test procedures possible.  Simple measurements such as HC and CO concentrations at idle can be made with garage-type analyzers.  More sophisti​cated and costly dynamometer testing is required to identify malfunc​tioning emission controls on new-technology vehicles reliably.  Due to the cost of the equipment, centralized facilities are the only practical solution for sophisti​cat​ed, dynamometer-based testing such as the I/M 240.

It has been argued that the greater effectiveness of central I/M programs is offset by greater inconvenience to the vehicle owner, since it is necessary to drive to one of a limited number of facilities and - if the vehicle fails - drive it elsewhere to be repaired, and then return to have it re-inspected.  However, dissatisfaction with existing centralized programs has been minimal.  Many consumers appear to prefer centralized inspections.  In Mexico City, for example, 20% of the public choose to have their vehi​cles inspected at the 16 public stations, despite significantly greater incon​venience (the public stations often have lines, and do not accept cash - it is necessary first to go to an agency of the Trea​sury to make the payment, then take the receipt to the inspection facility).  This prefer​ence is appar​ently due to the perception that the public stations are more honest and do better inspections - thus protecting the consumer against possible fraud by the private garage, and ensuring that the vehicle owner "does his or her part" in the fight against air pollution.  In New Jersey, where vehicle owners have a choice of free centralized inspections or paying for inspections in private garages, 80% of the public chooses centralized inspection.  By integrat​ing fee payment, vehicle registra​tion, and vehicle inspection in the same facility, any inconvenience as​sociated with central inspections could be reduced.

Centralized inspection programs are some​times opposed by the private automotive repair industry, which stands to gain customers and revenues from decentralized programs (in the U.S., increas​ingly complex testing procedures and equipment requirements have blunted some of this opposi​tion).  They may also be opposed by automotive user groups (either because of the "convenience" issue discussed above or because they are harder to circumvent).  Fleet operators also dislike centralized testing because it frequently means that they can no longer self-inspect.  Because of this opposition, the majority of I/M programs established in the United States have used decentralized inspection.  In other nations, centralized inspection programs have been more the norm.
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Table 4: Projected number of emission test lanes required for centralized and decentral​ized I/M program designs.

	PRIVATE 

	Centralized I/M
	Decentralized I/M

	 Gasoline
	25 
	184 

	 Diesel
	10 
	74 

	Total
	35
	258 


A key reason for the better economic performance of centralized, high-volume I/M programs is the better utilization of equipment and trained personnel that these make possible.  A well-run centralized I/M facility can be expected to inspect between 10,000 and 25,000 vehicles per lane per year.  In comparison, it would be rare for private garages in a decentralized program to inspect more than about 2,000 vehicles per year, on average.  4 compares the number of test lanes estimated to be required in Costa Rica under the centralized and decentralized assumptions.

EF&EE recommends that vehicle inspections in Costa Rica be carried out in centralized, high-volume, test-only facilities.  As soon as possi​ble, these should be linked by electronic com​munications to a central database.  This ar​rangement would help to minimize the poten​tial for corruption in the testing process.  Close links should also be established between the vehicle registration process and the emissions testing, in order to avoid the potential for counterfeiting of vehicle inspection certificates or stickers.  Finally, there is a strong case to be made for having the inspection facilities operated by a small number of private or non-profit inspec​tion contractors, with the role of Government limited to oversee​ing the contract​ors' perfor​mance.  A contractor who allowed corrupt practices in the inspection program would thus run a serious risk, since the Government could cancel the contract for cause.  He thus would have a strong incentive to establish pay, man​agement, and supervision practices that mini​mize this possibility.  Because of the rigidity of government personnel procedures, preventing corruption may be much more difficult where the government itself operates the inspection facility. 
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In order for an I/M program to be effective, it is necessary that arrangements be put in place to assure that the inspectors are properly equipped and trained to perform accurate inspections according to well-defined procedures, and that controls be established to ensure that inspections actually are performed and reported properly.  As the licensing authority, the MOPT has the responsibility to establish adequate quality assurance and quality control (QA/QC) arrangements for the vehicle I/M program.

In our view, the most important near-term QA/QC requirements are the following:

1.establishment of standard written procedures for vehicle inspection, for assessing whether vehicles pass or fail the inspection, and for reporting the results;

2.training vehicle inspectors to apply the standard inspection procedures;

3.establishing a system of inspection document control based on serially-numbered, counterfeit-resistant inspection certificates;

4.establishing and implementing written procedures for routine reporting of all inspection results to the Transito for verification purposes and for statistical analysis.

During program operation over the longer term, the main QA/QC requirements will be the following:

1.frequent audits of inspection station equipment, training, procedures, and document control by uniformed inspectors (overt audits);

2.verification of inspection certificates submitted by vehicle owners against reported results from the inspection station;

3.routine analysis of reported results from each inspection station to identify suspicious patterns of activity; and

4.undercover (covert) audits of inspection stations to detect fraudulent testing and to gather evidence for prosecution.  These audits generally involve enforcement staff in civilian clothes bringing specially-prepared vehicles in to be inspected.

Each of these QA and QC requirements is discussed in greater detail below.

If the MOPT were to elect to perform these activities itself, it would need to assign approximately 53 full-time staff to handle the QA/QC requirements of a decentralized I/M program at its expected initial size of 260 test facilities.  It would also be necessary to design and procure an appropriate data processing system.  These costs and staffing requirements could be reduced substantially by changing the licensing criteria for inspection stations to prohibit them from doing vehicle repairs.  This would result in a much smaller number of relatively large, high-volume inspection stations, and would make the QA/QC oversight much less expensive. For a centralized, test-only I/M system, we estimate that QA/QC would require about 16 persons.

Because of the need for timely action, MOPT may wish to consider contracting its QA/QC responsibilities to the private sector.  This would allow the QA/QC program to get under way much more quickly, and could also make it self-financing - thus eliminating what would otherwise be a significant burden on the Ministry's budget.  This possibility is discussed further at the end of this section.

Near-Term QA/QC Requirements
Inspection procedures
Program quality requires strict adherence to established emissions testing and inspection procedures.  This is especially true for the diesel smoke opacity measurements.  Failure to adhere to the proper test procedure in this case can easily result in a vehicle passing when it should fail.  The key requirement here is for proper documentation of the diesel smoke test procedure, using the light-transmission opacity meter, according to the draft SAE J1667 test procedure.  

Inspector training
As important as establishing written inspection procedures is training to ensure that inspectors understand and are able to follow them.  Again, this is especially important for the diesel smoke opacity check, the results from which are very sensitive to correct test procedure.  Swiss Contact is already conducting training courses for inspectors and mechanics.  It is recommended that MOPT work with Swiss Contact to ensure that the content of these courses meets program requirements.

Document control
In order to guard against fraud and counterfeiting, it will be very important to establish proper control over emissions certificates.  If each station prints its own forms, without central control, it is likely to result in significant numbers of fraudulent certificates.  To establish the needed control, forms should be printed by a single printer, serial-numbered, and of tamper-resistant paper.  Strict controls should be established over the storage and distribution of forms, and a computerized record should be kept linking each serial-numbered form to the specific inspection station to which it was issued.  We estimate that about six persons would be required to dispense and keep track of the certificates.

The forms should be issued in three parts: one to be given to the vehicle owner for presentation with the annual tax, one to be transmitted separately to MOPT for verification purposes, and the third for the station's own records.  Alternatively, data on emissions certificates issued could be transmitted to MOPT by electronic means.  This would be preferable, but would be considerably more difficult, costly, and time-consuming to set up.

Reporting of inspection results
Whether by paper copies or electronic transmission, inspection stations should be required to supply MOPT with information on all emissions tests performed and emission certificates issued.  This information should include the serial number of the certificate, the vehicle identification, and the test results.  These data should be incorporated into a database, and linked to the vehicle registration database and the computerized document control data.  If the data are reported on paper forms, it will be necessary to enter them into the database.  We estimate that a single data-entry clerk could enter and check about 100 forms per day, or about 25,000 per year.  Thus, to process the 500,000 forms per year that would be received under the anticipated program would require about 20 clerks, plus supervisory personnel.

QA/QC Procedures for Continuing Decentralized I/M Program
Overt audits
Overt audits would be carried out by uniformed inspectors, but would not be announced in advance, and would take place at random intervals.  The auditors would check the calibration of the instruments, observe station personnel performing instrument calibration and vehicle inspections to confirm adherence to proper procedures, check the security and accounting for the emission certificate forms, and otherwise confirm that the inspection station is meeting its requirements.  To reduce the potential for corruption, auditors would work in teams of two, with frequent rotation among teams.  In the U.S., a rate of overt audits of one per licensed inspector per year is considered adequate.  For Costa Rica we recommend an inspection frequency at least twice as great, at least initially.  Assuming two licensed inspectors per inspection station, this would result in each inspection station being audited once every three months, on average.  Allowing for paperwork, traffic delays, etc., we estimate that a two-person inspection team could perform ten audits per week, on average.  Two inspection teams would be required for 260 stations in a decentralized program.

Verification of inspection certificates
Ideally, the registration clerk should be able to call up the record for a given vehicle and verify the serial number and emission results for the emission certificate presented with the vehicle's tax payment.  Because of time delays in reporting emission results to LTD, this will not always be possible.  However, it will at least be possible for the clerk to confirm that the serial number on the certificate is valid, and that it was issued to the inspection station whose seal appears on the certificate - thus helping to guard against counterfeiting and theft of certificate forms.  The clerk can also enter the emission results given on the certificate, for later comparison against the results reported independently by the inspection station.  Any discrepancy would automatically be flagged for investigation and possible prosecution.  This will require that the certificate database be available on-line to the registration clerks, which will require modifications or additions to the present on-line registration system.

Routine analysis of inspection data
Routine statistical analyses should be performed on the emissions certificate data to gauge the effectiveness of the program, and to identify possible patterns of fraudulent or improper inspections.  For example, if analysis shows that failure rates at a given inspection station are anomalously low, this station might be targeted for overt or covert audits.  Reviewing and "cleaning up" the data and performing the statistical analyses would be a full-time job for two or three programmer/analysts.

Covert audits
Covert audits generally involve specially preparing and documenting the condition of a test vehicle, then taking it to be inspected as though it were owned by a member of the general public.  The auditors do not identify themselves as such, and dress and behave as members of the general public.  They then observe whether the inspection is performed properly, whether the results are consistent with the known emissions from the vehicle, and any other pertinent issues.  Careful documentation is necessary, as the results often appear as evidence in disciplinary hearings and court cases.  To keep the vehicles and auditors from becoming known to the inspection centers, it is necessary to rotate vehicles and drivers fairly frequently.

To provide an adequate deterrent against fraud, we recommend conducting an average of two covert audits per year per inspection facility.  This is comparable to the requirement established by EPA for U.S. I/M programs.  This would amount to 520 audits per year for a decentralized program.  Allowing for paperwork, time in court, etc. we estimate that a two-person team (one permanent, and one temporary driver) could perform an average of 2.5 covert audits per week, or 125 per year. Thus, four teams would be needed.  Another two persons would be needed to procure and rig the vehicles.  Thus, the covert auditing for the decentralized program would require eight permanent staff and two temporary positions.  
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	Manager
	Supervisor/

Engineer
	Clerk/

Technician
	Assis​tant/

Driver
	Total

	Decentralized Program (260 Test & Repair Stations)

	Inspector Training
	
	1 
	
	
	1 

	Overt Audits
	
	1 
	4 
	1 
	6 

	Covert Audits
	1 
	1 
	5 
	4 
	11 

	Certificate Control
	
	1 
	3 
	2 
	6 

	Data Entry
	1 
	2 
	20 
	2 
	25 

	Data Processing/Analysis
	
	1 
	2 
	
	3 

	Overall Management
	1 
	
	
	
	1 

	Total
	3 
	7 
	34 
	9 
	53 

	Recommended Alternative Program (35 Test‑Only Stations)

	Inspector Training
	
	
	
	
	0 

	Overt Audits
	
	1 
	1 
	1 
	3 

	Covert Audits
	
	1 
	1 
	1 
	3 

	Certificate Control
	
	1 
	2 
	1 
	4 

	Data Entry
	
	1 
	2 
	
	3 

	Data Processing/Analysis
	
	1 
	1 
	
	2 

	Overall Management
	1 
	
	
	
	1 

	Total
	1 
	5 
	7 
	3 
	16 


Table 5: Approximate staffing requirements for recommended QA/QC program.

Overall Staffing and Budget Estimates
4 summarizes the levels of staffing and budget estimated to be needed for an effective QA/QC program for each of two possible I/M program designs.  The first level corresponds to a decentralized I/M program, assuming 260 test-and-repair stations and about 500,000 vehicle inspections per year (including re-inspections).  This program is estimated to require about 53 full-time staff.

The second set of estimates shows what we believe would be necessary to provide effective QA/QC and oversight to a more centralized inspection program.  This program would comprise of 35 high-volume, test-only inspection stations, and could also perform 500,000 inspections per year.  Because of the smaller number of stations, the higher degree of professionalism possible with this type of program, and the absence of the conflicts of interest built into the test-and-repair program design, this type of program would be much easier and less expensive to supervise.  We estimate the total staff required at 16. 

Privatizing the QA/QC Program
In many countries, firms engaged in activities that could affect public safety or the environment are required, as a condition of being allowed to operate, to pay for and undergo inspection or certification by an independent organization.  Examples of such independent inspection firms include the American Bureau of Shipping, Det Norske Veritas, and the German TÜV, among others.  In this way, the public is protected, and the costs of inspection are borne by the users of the service rather than the taxpayers.  A similar approach has also been applied to QA and QC for vehicle inspection programs.  For example, the California Bureau of Automotive Repair finances its entire budget by charging inspection stations for the inspection certificate forms.  The same approach could be used to finance private-sector QA/QC of the vehicle inspection program in Costa Rica.

In one approach to a privatized QA/QC program, the Costa Rican government would award, by public bidding or directly to a selected non-profit institution, the exclusive right to sell the serial-numbered, counterfeit-resistant inspection certificates on which I/M results would have to be submitted for vehicle registration.  Bidders for this right would have to agree, as a condition of the contract, to carry out the complete QA/QC program, including specified numbers of overt and covert audits, setting up and operating the computer system for data entry and analysis, and so forth.  Each bidder would propose the price it would charge per certificate to carry out the QA program.  The winning bidder would be the one offering the best combination of a superior technical proposal and low cost.  Of course, it would be necessary to increase the allowable fees for the inspection to allow the inspection stations to recover the costs of the certificates.

Another possible approach to privatizing the QA/QC program would be to require each inspection station to contract directly with a QA/QC agency approved by the Costa Rican government to provide oversight.  This would tend to favor higher-volume stations, since such contracts would probably be on a fixed annual fee basis, and the high-volume stations could spread the cost over a larger number of inspections.  Again, selection of the QA/QC agency would be done by the government on the basis of public bidding, with the selection going to the one offering the best combination of technical quality and cost.  It would not be desirable to allow more than one such agency, as that would allow station owners to "shop" for the agency that would provide the least rigorous control.  In this case also, it would probably be necessary to allow an increase in inspection fees to cover the costs of the QA/QC program.

Privatizing the QA/QC aspects of the I/M program would avoid the long lead-times associated with Government budgeting and personnel allocation, and would thus allow an expanded QA/QC program to take effect much earlier than would otherwise be possible.  The greater flexibility of private-sector organizations would also help to reduce the overall costs, while the allocation of these costs to the vehicle owner instead of taxpayers in general would be desirable to ensure that "the polluter pays".  Legal analysis is needed to determine whether MOPT could issue such a contract under its existing authority.

If the Costa Rican government decides to contract for private QA/QC services, it will be very important to establish strict performance standards for the contractor as part of the terms of reference.  The term of the contract should also be limited to two or three years initially (renewable with good performance).  In addition, it would still be necessary for some government staff to be involved, to oversee the performance of the contractor, and to carry out enforcement actions that require Government authority.  Although the contractor could gather information to support MOPT's enforcement activities, it would have no legal authority to issue citations or revoke inspection licenses.  These activities would still have to be performed by MOPT staff.
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EF&EE believes that Costa Rica needs to continue to concentrate its vehicle inspection efforts on diesel vehicles. In addition to improving the roadside inspection, Costa Rica needs to add a privately-operated, government sanctioned, centralized program for both safety and emissions inspection, covering both gasoline and diesel vehicles. The suggestions are summarized as follows:

(Update the smoke opacity equipment to models that have computer-link capability. 

(Design and procure an appropriate data-processing system that is accessible from vehicle inspection facilities.

(Establish specifications for and purchase HC/CO meters for roadside inspection teams and for fixed-base inspection stations.

(Require, as part of safety inspection, minimum exhaust pipe standards and integrity, to avoid measurement errors caused by leaks and to ensure tailpipe accessibility for measurement equipment.

(Include only HC and CO measurements for gasoline passenger vehicles and light-duty trucks at this time.  Evaporative emissions and motorcycle white smoke can be effectively postponed. 

(Set up a vehicle inspection QA/QC unit in the government.

(Establish legal authority for licensing vehicle inspection centers to private contractors.

(Establish a centralized I/M program, with test-only inspection centers built and run by contractors.

(Establish and enforce strict performance standards for contractors, covering such items as wait time, vehicle throughput, and covert and over audit performance.

(Prohibit contractors from recommending repair facilities.

(Establish an accreditation program for repair facilities, and provide list of such facilities to contractor test stations.
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5. STRENGTHENING ROADSIDE INSPECTIONtc  \l 1 "5. STRENGTHENING ROADSIDE INSPECTION"
Strengthening and reinforcement of the existing roadside inspection program operated by the Policía de Transito is considered a key element in the development of an effective vehicle emissions control program for Costa Rica.  This section describes the importance of an effective roadside program, the strengths and weaknesses of the present program, and recommendations for making the program more effective.
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Why Have a Roadside Inspection Program?"
Roadside or on-road vehicle inspection programs can provide an important supplement to periodic inspection and maintenance.  The fact that a periodic inspection program is periodic, and therefore predictable, offers vehicle owners an opportunity to defeat the program.  For instance, one common cause of high smoke emissions in diesel engines is tampering with the maximum fuel setting on the fuel injection pump.  This allows the pump to provide more fuel to the engine, increasing power output, but disproportionately increasing smoke.  Since he knows when his vehicle will be inspected, the owner can adjust the pump to its proper setting immediately before the inspection, then return it to the higher power setting immediately afterward.  Another measure to reduce visible smoke opacity involves putting a handful of gravel in the exhaust pipe immediately before the inspection.  Similar tricks are also possible, and reportedly common, for meeting CO emissions standards with gasoline vehicles, and one can easily conceive of ways to pass a motorcycle white smoke inspection by similar means as well.

Since a vehicle owner cannot predict in advance whether he will be targeted by an on-road or roadside inspection, these inspections are much more difficult to defeat.  On-road and roadside inspections are especially useful for enforcing vehicle smoke limits, since the visible and obvious nature of smoke emissions allows enforcement efforts to be targeted at the worst offenders.  This reduces the costs and increases the effectiveness of the program, and minimizes inconvenience to owners of vehicles that are not polluting excessively.

An example of a roadside smoke inspection program has been implemented in California to control smoke emissions from heavy trucks.  Smoke inspection teams are deployed at weight and safety inspection stations, and at other roadside locations.  These locations are not announced in advance.  A member of the inspection team observes oncoming trucks visually, waving over those that appear to be producing excessive smoke.  These are then subjected to free-acceleration smoke test, using a smoke opacity meter.  The failure criterion is smoke opacity in excess of 50% for 1/2 second.  Vehicles that pass are sent on their way; those that fail receive a citation, which can only be cleared after the vehicle is repaired.  A second citation during the same year carries a much larger fine, and requires the vehicle to be presented at a smoke test location for a confirmatory smoke measurement after repairs.

Roadside checks for smoke opacity are also highly appropriate for control of excess white smoke emissions from two-stroke motorcycles.  These emissions are believed to result, in many cases, from use of too much or the wrong type of lubricating oil.  These practices are much more likely to be detected by visual screening on the road than by a periodic I/M test.

Roadside checks for HC and CO emissions from gasoline vehicles have also been implemented in a number of countries, including Mexico and Thailand.  Since vehicles with high HC and CO emissions are not usually as obvious as those producing excessive smoke, these programs must rely on stopping vehicles more-or-less at random.  This reduces the efficiency of the program, and also increases the inconvenience to drivers of low-emitting vehicles.  With the recent development of practical remote sensing systems for vehicle emissions, however, the potential exists for these roadside programs to be targeted much more effectively.  Remote sensing and its potential applications are discussed in Chapter 6.  
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Currently black smoke inspections are being conducted by the Policía de Transito.  The Police have authority to stop vehicles on the street and confiscate license plates from vehicles not complying with applicable smoke limits.  The following describes their equipment and procedures, as defined by the regulation and as observed by EF&EE.

Equipment
[image: image10.wmf]
Figure 11: Schematic diagram of Hartridge smoke meter.

Black smoke is mea​sured using the British-made Hartridge MK-3 series machine.  The MK-3 measures the opacity of a sample of the vehi​cle's exhaust gases drawn into a fixed chamber within the unit.  A schematic of the unit is shown in 11. The ma​chine is small and light enough to be complete​ly portable.  The ma​chine may be powered by a 12-volt car battery or 12-volt vehicle electrical system.  The path of the exhaust gases begins at the "probe" (not shown in the figure).  Three different probe sizes are supplied with the machine. It is impor​tant to use the appro​priate probe for the exhaust pipe in ques​tion, as too large of a probe may restrict exhaust flow and there​fore affect smoke levels.   The exhaust gases are transported to the main unit, relying on the pressure in the exhaust system, via a flexible reinforced rubber hose (not shown).  The Transito units are equipped with the optional hose heater, which is designed to keep smoke particles from adhering to the hose wall, which would lower the indicated opacity level (the heater is powered separately with 110V AC, or 220V AC on models so equipped).

The exhaust gases enter the machine at the rear, but must first pass through a gate connected to a lever.  The lever is used to start the test or divert the gases away from the machine and out through a supplied exhaust hose.  

Inside the machine a heated chamber is provided, into which the gases are drawn and across which the light beam is passed.  The opacity reading is displayed with an analog meter on the front of the machine.  During the test it is mandatory that an operator watches the display to record the reading.  There is no provision on this ver​sion of the machine for automated recording.  

Other tools that are used by the inspection team are handtools, for removing license plates, a metal stand for the Hartridge me​ter, orange traffic cones, and a wooden block for blocking vehicle movement during the test.

Smoke test procedure (based on EF&EE observations)
Calibration of the machines is limited to a check with a graded glass filter once every few months. Hartridge units are not cleaned unless calibration reveals a problem. 

Two Police officers are dispatched to the test site.  They usually set up on a busy road at or near the top of a grade, so that they can readily observe smoke levels of vehicles climbing the hill (and because diesel engines smoke the most when they are under load).  The Hartridge meter is normally set up near the vehicle, so that it can be hooked up to the vehicle's battery.  Vehicles are first screened visually; only vehicles that are smoking heavily are stopped.  Operators usually make a confirmatory check of the stopped vehicle before conducting the Hartridge test.  Sometimes the vehicle being stopped has been stopped already that day or that week.  

The subject vehicle is positioned near the meter, and the block is placed under the rear wheels.  The driver is summoned to the machine so that the machine and procedure can be explained to him.  One staff person operates the Hartridge while the other operates the vehicle accelerator.  The engine is accelerated quickly two or three times to maximum RPM.  This is the "cleanout" phase, intended to clear the exhaust system of excess soot buildup.  Then, the engine is held at governor speed while the opacity reading is taken.  If the vehicle does not exceed the limit for its class, it may be driven away without consequence.  If the vehicle does exceed its limit, the driver receives a ticket.  Also, the vehicle's license plates are removed.  When the driver or owner has the vehicle repaired, he may have his vehicle retested at the Transito station, whereupon (if it passes) his plates are returned.

Removing the license plates can be difficult.  The bolts can be rusty, and so must be turned tediously with a wrench.  On some vehicles, access to the back side of the bolt is limited.  It can take up to 10 minutes to remove the plates.  Sometimes the license plate must be damaged in order to remove it. 

The Police team also has authority to check safety items, such as broken or inoperative brake lights.

Roughly 5 or 6 vehicles can be processed in an hour.  In the rainy season testing is generally limited to morning time, meaning that up to 24 vehicles per day can be inspected. Some locations may produce less than this because vehicles found there are less likely to be heavy smokers.  

EF&EE comments on the observed test procedures
We can offer several ways to improve the present roadside inspection program.  Increasing the budget and the frequency of equipment repair will improve the quality of readings from the Hartridge units.  The hoses are particularly vulnerable to damage, such as splitting or crimping close to the probe.  Also, soot build-up inside the machine can affect readings, and it worthwhile to have a frequent, periodic cleaning. 

We note that on diesel vehicles whose engine speed regulation systems (governors) are broken, maladjusted, or tampered with, careless application of the accelerator can cause that engine to readily exceed its maximum rpm, causing major damage to engine parts. With no governor, diesel engines can actually accelerate faster than gasoline engines. On some engines damage can occur sooner than it takes to release the accelerator pedal. Admittedly, the possibility of an engine's governor being completely disconnected or so far out of adjustment as to allow overspeed is low; however, the consequences of an accidental overspeed are too great. We believe most owners of commercial and private diesel vehicles would not risk engine damage for the few additional horsepower such modifications would provide.  

The smoke test itself can be changed to agree with accepted US test protocols.  By taking the readings before the engine has reached maximum rpm, the procedure will evaluate smoke levels during the most crucial operation mode.  While it is certainly possible that some vehicles will have excess emissions during the unloaded, maximum rpm mode (we did in fact observe this during several tests), a much greater number that are malfunctioning will exhibit their malfunctioning while under load.  Indeed, the Transito crew is observing vehicles accelerating under load when they are screening for test vehicles. 
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Figure 12: Smoke and engine rpm versus time.

12 illustrates our point.  This opacity and engine rpm versus time trace indicates the smoke level from an SAE J1667-equivalent test taken from one of the tested San José vehicles. This vehicle passed the Transito Hartridge test.  Engine speed during this 6 second portion of the test is shown with square markers. Note that engine rpm is not an actual recording from this vehicle, but rather, a represen​tation that we constructed, which agrees with our obser​vations in the field. The en​gine is at idle from time = 0 to 0.5 seconds. At that time the accelerator is fully de​pressed. The steep rise in smoke levels parallels the rise in engine speed.  The peak in engine speed occurs at time = 1.1 seconds, just after the peak in smoke.  Even though the accelerator is held down and engine speed re​mains at maxi​mum, the smoke level drops considerably.  The opacity levels off at around 13 - 16%. Note the engine speed remains at maxi​mum.  This is because the engine no longer experi​ences inertial load after maximum rpm is reached and the accel​erator continues to be held to the floor. When the engine gover​nor is set and operating properly the air/fuel ratio will also be set proper​ly for the maximum engine speed, and smoke will be at a minimum.  At time = 4.1 seconds the accelerator is released. Note the short rise in opacity.  This is the "after-puff" phenomenon discussed in Section 2.2. The engine has completely returned to idle at 5.7 seconds. With the throttle released and the engine speed back down to idle, the opacity returns to the same value as at the start of the acceleration cycle. 

12 clearly shows how maximum rpm, no-load opacity can be greatly different from sub-maximum rpm, loaded-mode opacity. The roadside test as conducted by the Transito only considers the segment shown from 2.5 to 4 seconds, whereas the US J1667 procedure will consider the entire cycle and use the highest figure. It also shows that the indicated smoke level clearly depends on how the smoke output is interpreted.  Indeed, some interpretation has already taken place in constructing our graph: the Wager smoke meter is applying the SAE J1667 0.5 second moving average to the absolute opacity values. 

The observed test versus "PRO ECO" recommendations
The individuals who work for Transito and conduct the roadside inspections have been trained by the cooperative technical effort between the Costa Rican government and the Swiss government. The emission reduction program for Central America that rose from this cooperation is called Programa Ecológia en Centroamérica, or PRO ECO. PRO ECO has published a thorough manual for repair technicians and vehicle inspectors covering every aspect of engine theory and repair concerning emissions. They have also published two short, color-illustrated pamphlets introducing the concepts of emission control and testing. The pamphlet covering diesels states, in the section describing the test procedure: "Durante la aceleración se toma la lectura o la muestra de ennegrecimiento".  The English translation is "During acceleration take the reading or black smoke sample". We recommend that some initial effort be expended making sure that the Transito teams are following the complete procedures recommended by PRO ECO.
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Changes in the present roadside vehicle inspection will improve the quality of the inspections and provide appropriate support for the I/M program. These changes include extending QA/QC concepts to the roadside program, adding personnel and equipment, and improving data collection and analysis. Some of these changes overlap with elements of the suggested I/M program. The suggested improvements are summarized as follows:

(Update the smoke opacity equipment to models that have computer-link capability. Specify that opacity equipment be able to provide a printed copy of the results for the vehicle owner.

(Design and procure an appropriate data-processing system that is accessible to Transito personnel at their home office(s).

(Establish specifications for and purchase HC/CO meters for roadside inspection teams and for fixed-base inspection stations. Specify that equipment have computer-link capability and be able to provide a printed copy of the measurement results for the vehicle owner.

(Require, as part of safety inspection, minimum exhaust pipe standards and integrity, to avoid measurement errors caused by leaks and to ensure tailpipe accessibility for measurement equipment.

(Add abbreviated but mandatory safety inspection to the roadside check. This would include exhaust system checks, taillight and headlight checks, mirror check, tire check, brake pressure check (heavy-duty trucks), and horn check. 

(Add at least one more person to the roadside inspection team. This would allow one person to write up tickets while the other persons conducted the test, improving throughput. To maximize the manpower budget, the added team members should be civilians, rather than Transito officers, because the needed labor is largely clerical. 

(Include additional tools that simplify and speed the license removal process. A bolt cutter is recommended for license plate bolt removal.

(Have inspection teams pull over vehicles at random, not just ones that are visually defective. Produce some type of certificate of appreciation or award for those individuals whose vehicles pass the tests. This will heighten awareness of the program and provide some positive reinforcement.

(Establish a program to collect and analyze roadside inspection data. Determine where the most defective vehicles are found and why they are found there, and track the emissions and safety performance over time. This will help with future program changes.

(Establish well-defined and routine equipment calibration and cleaning programs. We suggest following the schedules shown in equipment manuals, modified as necessary. 

(Include only HC and CO measurements for gasoline passenger vehicles and light-duty trucks at this time.  Evaporative emissions and motorcycle white smoke can be effectively postponed. 

(Set up a vehicle inspection QA/QC unit in the government.
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6. FUTURE TECHNOLOGIEStc  \l 1 "6. FUTURE TECHNOLOGIES"
Recent regulatory advances in the US have prompted new vehicle technologies, and some entrepreneurial efforts have produced a potential useful tool for emissions research and in-use emissions enforcement. The use of these technologies may have some implications for Costa Rica, although not in the near term.
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Remote sensing of vehicle emissions is a new technology that could make possible substantial improvements in the effectiveness of vehicle emissions control programs.  The technique works by measuring the absorption of a beam of infrared light by the CO2, CO, and hydrocarbons in a vehicle's exhaust plume.  Based on the absorption at different frequencies, a computer is able to calculate the ratio of CO and HC to CO2 in the exhaust.  From this information, plus the known composition of gasoline and air, it is possible to calculate with fair accuracy the absolute concentrations of HC and CO in the exhaust at the instant the vehicle passed the remote sensing device (Stedman and Bishop, 1991).  This system has received wide publicity, and has been used to characterize the statistical distribution of vehicle emissions in a number of cities, including Chicago and Mexico City.  A system capable of measuring NOx concentrations as well is under development.  

Although remote sensing offers significant potential for vehicle emissions monitoring and control, it is important to bear in mind the limitations of the technique.  Present remote sensor technology can measure only the instantaneous concentration of HC and CO in a vehicle's exhaust at the time it passes the sensor.  This measurement, by itself, is not a reliable indicator of overall emission levels or even "gross emitter" status.  Even properly-functioning vehicles may exhibit high CO and HC concentra​tions in the tailpipe under certain driving conditions, such as hard acceleration or cold starting.  Many vehicles also exhibit moderately high CO concentrations at idle.  Some older vehicles may experience high HC concentrations during decelera​tion, while more modern fuel-injected vehicles will cut off fuel during deceleration - making the HC/CO2 ratio hard to predict.  On the other hand, the air-fuel ratio at normal cruise should be close to stoichio​metric (very close for closed-loop vehicles, less so for vehicles without closed-loop control).  Thus, a high HC or CO concentration in normal cruise conditions indicates a likely emissions problem.  But, the HC or CO concentration that would indicate a problem in a closed-loop vehicle may be normal for an open-loop vehicle.  Gasoline-powered heavy-duty vehicles may also have anomalously high readings due to their heavier engine loading and more lax emissions standards.  

The main advantage of a remote sensing system is that it is capable of screening a large number of vehicles quickly and at low cost.  This is potentially useful for improving vehicle emissions inventories, as it can provide an unbiased indication of the fraction of vehicles on the road that fall into different emission classes.  Remote sensing results can thus complement the results of more detailed surveillance testing using dynamometer emissions measurements.  Such testing provides a much more accurate data measurement of total emissions over the driving cycle than does remote sensing, but suffers from potential sampling bias.

Perhaps the most promising application of remote sensing is in directly identifying possible high-emitting vehicles on the road, so that these can be targeted for follow-up testing and repairs.  Ultimately, this could take the form of a comprehensive surveillance system, incorporating numerous detectors operating continuously and unattended at strategic locations throughout an urban area.  High emission readings could be linked to individual vehicles, for example, through video monitoring of license plates. Owners of these vehicles would then be notified to present them for inspection.  This arrangement could serve as a supplement to or - if sufficiently developed - a replacement for routine I/M testing.  By targeting inspections only at likely high emitters, it would significantly reduce the social costs of an effective I/M program.

Currently the cost of individual remote sensing systems is probably too high for Costa Rica. Also, we feel that, at its present stage of development, remote sensing is useful only as an adjunct to, not replacement for, routine I/M testing.
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The intent of an onboard diagnostic (OBD) system is to minimize the large increases in exhaust emissions when emission‑related malfunctions occur in vehicles equipped with sophisticated electronic engine control systems.  As vehicle engine and emission control systems have grown more complicated, diagnosis and repair of malfunctioning systems has become increasingly difficult.  With present I/M program designs in the US, many emissions-related malfunctions can go undetected in modern vehicles.  This is especially true for NOx-related malfunc​tions, since present I/M programs do not test for NOx emissions.

Regulations requiring on-board diagnostic systems have been in effect in California for some time, and were recently strengthened with many additional requirements.  These second-generation requirements are known as OBD2 (see Box 1).  Under this requirement, the vehicle's computer system is required to detect failures or loss of efficiency in the major emissions-related components and systems, including the catalytic converter, λ (oxygen) sensor, EGR system, evaporative purge system, and all emissions-related sensors and actuators connected to the computer.  The system is also required to detect engine misfire (a common cause of catalytic converter failure).  When a failure is detected, the system sets internal malfunction codes and lights a special malfunction indicator light (MIL), prompting the driver to have the vehicle repaired.  A check of the codes and the MIL is also included in the California I/M program, and the vehicle will not pass if the light is illuminat​ed.  The recently-proposed Federal Implementation Plan (FIP) for achieving air quality standards in California also includes a provision that would require the OBD system to notify air quality authorities, through a roadside receiving system, if the vehicle's MIL were turned on.

The U.S. EPA has also adopted regulations similar to OBD2.  OBD systems meeting these regulations will be phased in between 1994 and 1996.  OBD regulations also require that manufacturers take steps to protect their engine calibrations and operational software from tampering -e.g. by substituting "performance" chips for the PROM containing the emissions-certified calibrations.

Since the OBD system monitors engine and emission control system functioning over the full range of driving conditions experienced in use, it covers a much broader range than any possible I/M test.  If successful, then, these systems might conceivably reduce the I/M process to a simple check of the malfunction indicator light.  The status and prospects of technology to meet these ambitious requirements is highly controversial, however, and it remains to be seen how effective these systems will be in practice.  For this reason, effective I/M test procedures will continue to be required, at least for the foreseeable future.

An additional benefit of an OBD system is in assisting the service industry to quickly and properly diagnose and repair malfunctions in the vehicle's ECS.  Since the OBD system is an integral part of the vehicle's power plant, it senses computer electronic signals under a variety of vehicle operating speed and load modes and can thus detect and store intermittent faults which are very difficult to duplicate in the service garage. On the other hand, we also observe that on-board diagnostics cannot substitute for technician experience and proper diagnostic procedure. On-board diagnostics as they exist now on US vehicles too often give false or misleading signals, due to ground faults, electrical connector problems, and so forth. It is not unreasonable to expect OBD2 to suffer from similar shortcomings. 

Because OBD systems flag problems with emission-related components, OBD codes should be checked as part of the I/M program. Therefore, inspectors will have to be trained how to access codes from vehicles so equipped. This activity may be aided by purchasing "code readers" for some manufacturers, such as Ford. Most vehicle makes have provisions for reading codes without special equipment. Dealers of popular Costa Rican makes such as Toyota and Nissan already train their technicians on OBD (and any technologies found on US-spec vehicles).
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1.MIL illumination - The MIL should remain illuminated continuously and a fault code stored after a malfunction is detected, especially if the fault is intermittent or transient.  The MIL should be extinguished only after appropriate ECS repairs are performed.

2.On-Board Computer Monitoring - The regulations require that the on-board computer interrogate input parameters from computer-sensed emission related components.  The computer shall also be able to interrogate the fuel metering device and the EGR system on vehicles so equipped.

a.All computer input sensors of emission-related components must be checked by the OBD system for circuit continuity or shorts and parameter range (i.e., voltage, frequency, signal shape, etc.) as necessary to detect malfunctions.

b.The computer must trigger fault codes which are sufficient to identify the "likely area" of the problem.

c.In order for the general service industry to efficiently repair the ECS, fault isolation logic charts (fault trees) should be included in the service manual.  Specific off-board diagnostic equipment may also be used to identify the specific repair needed, but cannot be required.

d.A "limp home" mode (where vehicle operation is partially impaired during a malfunction and fixed computer input values are substituted) is acceptable for control system override, but the MIL must be activated and the appropriate fault code(s) stored.

3.EGR System Functional Check - Functional check of EGR system means that the OBD system must verify that the EGR system is working properly, i.e., within the manufactur​er's specified tolerances.  The OBD system should verify re​quired EGR flow by means of a sensor at or down​stream from the EGR valve.  The method selected should be as near continu​ous as possible to assure diagnosis under all driving conditions requiring EGR control.

4.Fuel System Functional Check - The regulations require that the OBD computer interro​gate the functioning of the fuel metering system.  The means used to detect fuel metering system perfor​mance should dis​criminate between ignition and fuel metering problems for individual cylinders.  Supply pressure and injector signal pulse width coupled with oxygen sensor signal response may be used to isolate most faults on a continual basis.  Perturbances, if used, must be continuous to assure detection of transient faults under all operating conditions.

5.Open Loop Operating Modes - Due to technical limitations of current feedback fuel control systems, it is necessary to allow specific open loop operating modes.

6.Use of MIL for Non-Emissions-Related Faults - To avoid compromising the effectiveness of the regulations, the MIL may not be used to indicate non-ECS malfunctions.  A separate MIL to indicate non-emission-related failures would not reduce the effectiveness of the OBD system and would, therefore, be suitable alternative to signal a malfunction for non-emission-related compo​nent(s) or system(s).

7.Ignition Related Faults - There is no specific requirement to monitor the ignition system on the OBD system.  Most of the current ignition systems are already computer con​trolled and should be included in the OBD system.  Ignition malfunctions tend to have major emission impacts.

4Box 1: Requirements of the California/U.S. OBD 2 Regulations
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6.3Recommendations for Costa Ricatc  \l 2 "6.3Recommendations for Costa Rica"
We recommend that Costa Rica continue to monitor developments in remote sensing technology and uses. Remote sensing is now being tested extensively by the State of California. As for OBD2, no real changes are necessary, except know which vehicles are equipped with it. As with any sophisticated electronically-controlled system, training in correct and consistent diagnostic procedure, with emphasis on principles of circuits and electricity, must continue for all automotive technicians. Training programs run by the major automobile importers are good models for this.
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APPENDIX 1: SMOKE OPACITY GRAPHICAL DATAtc  \l 1 "APPENDIX 1\: SMOKE OPACITY GRAPHICAL DATA"
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APPENDIX 2: SMOKE MEASUREMENT ALIGNMENTtc  \l 1 "APPENDIX 2\: SMOKE MEASUREMENT ALIGNMENT"
Source: SAE, 1992
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APPENDIX 3: LIST OF AVAILABLE OPACITY METERStc  \l 1 "APPENDIX 3\: LIST OF AVAILABLE OPACITY METERS"
Table C-1: Summary of available opacity meters.
	PRIVATE 
Unit
	Price
	Sam​pling tech​nique
	Features

	Wager 650CP

Robert H. Wager Company, Inc.

570 Montroyal Road

Rural Hall, North Carolina  27045

USA

Tel:
(919) 969-6909

Fax:
(919) 969-6375

Contact Person:  Ms. Lynn Pow​ers
	$3250
	Full Flow
	- RS232 serial port

	Wager 423

Robert H. Wager Company, Inc.

570 Montroyal Road

Rural Hall, North Carolina  27045

USA

Tel:
(919) 969-6909

Fax:
(919) 969-6375

Contact Person:  Ms. Lynn Pow​ers
	$8250
	Full Flow
	- RS232 serial port

- Internal memo​ry and printer

	Opacity Transducer

Sensors, Inc.

6812 South State Road

Saline, Michigan  48176

USA

Tel:
(313) 429-2100

Fax:
(313) 429-4080

Contact Person:  Mr. Robert Wil​son
	$2000
	Partial stream opac​ity trans​ducer
	- RS232 serial port

- 5 foot sampling probe

	CALTEST 850P

CalTest Instruments, Inc.

126 Wilmington Ave,

Wilmington, CA 90744

USA

Tel:
(310) 835-5377

Fax:       (310) 835-0723

Contact Person:  Mr. Richard Skaggs
	$4,595
	Full stream
	- PC link capability

- SAE J1667 built-in

- Test averaging built-n

- Battery operated

	Telonic Berkeley Model 300

Berkeley Industries, Inc.

PO Box 277

Laguna Beach, CA 92652-0277

USA

Tel:
(714) 494-9401

Fax:       (714) 497-7331

Contact Person: Dick Aaron
	unknown
	Full stream
	- computer link via RS-232

- Battery operated

- SAE J1667 built-in

- optional RPM reader

- optional temp compensation

- built-in printer

- accommodates 3-6 inch pipes



	Bear 43-295

Bear Automotive

8001 Angling Road

Kalamazoo, MI  49002

USA

Tel:
(616) 329-7600

Contact Person:  Mr. Jeff Dirchs

                     Mr. Tom Fudali
	$4145
	Partial stream
	- needs PC con​troller

- RS232 serial port

- temperature com​pensated probe

	Technotest 490

Technotest SrL

Via Provinciale, 8

43038 Sala Baganza - Parma

Italy

Tel:
0521-836520

Fax:
0521-834145

Contact Person: Mrs. Lorena Cast​agnetti
	$6000 (Bang​kok)


	Full Flow
	- 24 column printer with interface

- re​mote con​trol

- vehicle tachome​ter

	Technotest 495

Technotest SrL

Via Provinciale, 8

43038 Sala Baganza - Parma

Italy

Tel:
0521-836520

Fax:
0521-834145

Contact Person: Mrs. Lorena Casta​gnetti
	
	
	- RS232 serial port

- vehicle tachome​ter

	Bosch ETD 020.00

Robert Bosch Corporation

Sales Group

2800 S. 25th Avenue

Broadview, Illinois  60153

USA

Tel:
(708) 865-5374

Fax:
(708) 

Contact Person: Mr. Bill Staiger 
	$4350
	Partial stream filter-type smoke meter
	- includes sampling     pump and pho​toelectric filter paper reader

	Bosch EFAW 65 B

Robert Bosch Corporation

Sales Group

2800 S. 25th Avenue

Broadview, Illinois  60153

USA

Tel:
(708) 865-5374

Fax:
(708) 

Contact Person: Mr. Bill Staiger 
	$4550
	Partial stream filter-type smoke meter
	- includes sampling     pump and pho​toelectric filter paper reader

	Bosch RTT 100

Robert Bosch Corporation

Sales Group

2800 S. 25th Avenue

Broadview, Illinois  60153

USA

Tel:
(708) 865-5374

Fax:
(708) 

Contact Person: Mr. Bill Staiger 
	$7865
	Partial stream opacity meter
	- 2 RS232 serial ports

- programmable soft​ware car​tridge for in​spec​tion stan​dards

	Hartridge Smokemeter 4

Lucas Hartridge

12841 Stark Road

Livonia, Michigan  48150-1588

USA

Tel:
(313) 522-1900

Fax:
(313) 458-1302

Contact Person: Mr. Brian Thorpe
	$4145
	Partial stream
	- portable

- can interface with     print​er
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APPENDIX 4: SAE J1667 DRAFT 13.0tc  \l 1 "APPENDIX 4\: SAE J1667 DRAFT 13.0"
    � This is a system to collect vapors from the gasoline tank and from (where applicable) the carburetor, to be purged and burned in the engine at the most efficient operating point.


    � Specifications for the BAR 90 analyzer were developed by the California Bureau of Automotive Repair (BAR) to support that state's Smog Check Program.  They have since been widely copied.  Use of analyzers meeting this specification became mandatory in California in 1990.  Because of their extensive automation, data recording, and other features, these analyzers are fairly expen�sive - costing about US$ $12,000 compared to less than US$5,000 for a simple HC and CO measure�ment system.





