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INTRODUCTION
This Information Report was developed by the 
S.14 Last Mile and Vocational Vehicles Study 
Group of ATA’s Technology & Maintenance 
Council (TMC). This document will examine the 
most common components of aftertreatment 
systems and how they can be impacted by the 
less-than-optimal conditions of the duty cycles 
of typical vocational applications. It will review 
the challenges related to meeting regulatory 
performance and monitoring requirements. It 
will also explore methods and reference exist-
ing TMC maintenance practices which can be 
used to mitigate these effects.

THE VOCATIONAL DUTY CYCLE
In many instances, the vocational duty cycle 
represents the opposite of the conditions 
required for effective operation of mandated 
aftertreatment systems in most commercial 
vehicle operations. From intense stop-and-go 
operation to short travel distances followed 
by extended periods of low RPM or idle, the 
vocational duty cycle can often be sub-optimal 
for these systems.

This Information Report examines the most 
common components of aftertreatment sys-
tems and how they can be impacted by these 
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sub-optimal conditions. It  also explores meth-
ods and maintenance practices to mitigate 
these effects.

SYSTEMS APPROACH
Since, to date, the various aftertreatment 
systems components have been added in 
cumulative fashion, this document will review 
this challenge via a systems approach fol-
lowing the equipment impacts of historical 
U.S. Environmental Protection Agency (EPA) 
mandates as they were introduced.

IMPACTS OF REGULATIONS ON 
AFTERTREATMENT DEVELOPMENT 
For discussion purposes only, this section will 
discuss the evolution of aftertreatment systems 
in the context of the Detroit Diesel DDC Series 
60 powerplant; however, this does not imply 
any endorsement of this powerplant over any 
other.  Other engine series have followed a 
similar course of development.

October 2002 (The Pull Ahead) 
EPA 2004 — Introduction of EGR Systems
The cooled exhaust gas recirculation (EGR) 
system used on the DDC Series 60 is a typi-
cal example of the systems applied in many 
heavy-duty engines in North America for model 
years 2002 and later. The EGR system is a 
high-pressure loop (HPL) system in which a 
portion of the exhaust is taken upstream of 
the turbocharger. The variable geometry tur-
bocharger, among other tasks, ensures that 
the pressure difference between the exhaust 
and intake manifolds is positive to ensure ad-
equate EGR flow is available when required. 
The exhaust gases then flow through an EGR 
cooler provided with water from the engine 
water jacket. From the cooler, the gases flow 
through an EGR pipe to the other side of 
the engine to a venturi-type flow meter that 
provides a feedback signal for monitoring the 
EGR rate. An EGR control valve located just 
before the mixer housing is responsible for 
controlling EGR rate. The recirculated engine 
gases then pass to the intake manifold where 

it mixes with cooled charge air before being 
inducted into the engine. 

A number of changes occurred in this EGR 
system from its introduction in 2002. Older 
versions of this engine (US EPA 2002/2004) 
had the EGR valve located on the inlet side of 
the EGR cooler. Early versions used a pneu-
matically actuated valve that was replaced 
with a hydraulically actuated valve and finally, 
an electrically actuated valve. Some versions 
also used pressure taps upstream and down-
stream of the EGR control valve to monitor 
the pressure differential across the valve for 
EGR rate feedback instead of a venturi-type 
flow meter. By 2008, the venturi flow meter 
was removed entirely.

Most of the EGR systems contain these com-
ponents:

• EGR valve
• EGR cooler
• EGR cooler bypass
• Intake throttle valve
• Delta pressure sensors

Challenges associated with EGR include:
• Coolant loss through exhaust
• Soot plugging of EGR valve
• Soot plugging of Delta pressure sensors 

and tubes
• Sticking intake throttle valve

EPA 2007 — Introduction of DPFs
Starting in 2007, emission limits for oxides of 
nitrogen (NOx) and particulate matter (PM)
dropped considerably. A new PM limit of 0.01 
g/bhp-hr (0.013 g/kWh) required an order of 
magnitude reduction in PM emissions for 2007 
model year engines while a NOx limit of 0.2 g/
bhp-hr (0.27 g/kWh) was phased-in between 
2007 and 2010. For the period 2007-2009, 
50 percent of a manufacturer’s engines had 
to comply with the new NOx limit of 0.2 g/
bhp-hr while the remaining 50 percent of en-
gines could continue to comply with the 2004 
NOx+HC limit of 2.5 g/bhp-hr. The averaging, 
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banking and trading options in the regulation 
allowed manufacturers to produce engines 
with NOx emissions between these two limits. 
As a result, most manufacturers designed al-
most all of their 2007-2009 engines to meet a 
NOx family emissions limit of around 1.1-1.2 
g/bhp-hr. Additional regulatory requirements 
for on-board diagnostics (OBD) also started 
to be phased-in starting in 2007.

To meet the 0.01 g/bhp-hr PM limit, all engine 
manufacturers adopted diesel particulate filters 
(DPF). To meet the interim NOx requirements 
during the phase-in period, most manufactur-
ers chose to increase the levels of EGR from 
their 2004 engines to bring NOx down to 1.1-
1.2 g/bhp-hr. 

DPFs are devices that physically capture 
diesel particulates to prevent their release to 
the atmosphere. DPF materials have been 
developed that show impressive filtration ef-
ficiencies, in excess of 90 percent, as well as 
good mechanical and thermal durability. DPFs 
have become the most effective technology for 
the control of diesel particulate emissions—
including particle mass and numbers—with 
high efficiencies.

The main components utilized in a DPF sys-
tem are:

• Filter media
• Diesel oxidation catalyst (DOC) filter
• Dosing injector 
• DPF pressure differential sensor
• Multiple exhaust gas temperature sen-

sors
• EGR system 
• Variable geometry turbocharger (VGT)

Challenges associated with the DPF system 
include:

• Incomplete regenerations
• Face plugging of the DOC
• Seizing of the VGT
• Regulatory inducements
• Coolant loss through the exhaust stream

• Poisoning of DOC (ethylene glycol)
• Hydrocarbon absorption in DPF
• Frequent regeneration (regen) cycles

 
EPA 2010 — Selective Catalytic Reduction
EPA limits for heavy-duty diesel emissions 
have increased dramatically since 2001. EPA 
guidelines stipulated in 2001 that models manu-
factured from January 2010 must reduce PM 
emissions to 0.01 per brake horsepower hour 
(g/bhp-hr) and NOx emissions to 0.20 g/bhp-hr. 

The selective catalytic reduction (SCR) system 
is used to reduce NOx. SCR sprays aqueous 
urea solution or diesel exhaust fluid (DEF) 
into the exhaust stream. Ammonia from the 
DEF combines with NOx in the presence of 
catalyst to form harmless by-products such 
as nitrogen and water vapor — thus, emitting 
clean gases. SCR technology is better suited 
for heavy-duty cycles (e.g., longhaul heavy 
trucks and tractors, intercity bus, etc.)

The main components in a SCR system include:
• Decomposition reactor
• SCR catalyst
• Slip catalyst
• Control module
• DEF pump
• DEF valve
• DEF injector
• NOx sensors
• Temperature sensors
• DEF tank
• Tank heater
• Supply lines

Challenges associated with SCR systems 
include:

• DEF quality issues
• DEF Injector plugging (crystalized urea)
• Sensor and wiring issues
• Regulatory inducements

Federal OBD Regulation
Following the introduction of OBD requirements 
in California, OBD regulations were also ad-
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opted by the US EPA. The following have been 
the most important steps in the development 
of federal OBD requirements:

1. Beginning with the 1994 model year, 
the EPA has required OBD systems on 
light-duty vehicles and trucks.

2. Since 2005, OBD systems became 
mandatory for heavy-duty vehicles and 
engines up to 14,000 lbs. GVWR.

3. In December 2008, EPA finalized OBD 
regulations for 2010 and later heavy-duty 
engines used in highway vehicles over 
14,000 lbs GVWR and made changes 
to the OBD requirements for heavy-duty 
applications up to 14,000 lbs GVWR to 
align them with requirements for applica-
tions over 14,000 lbs GVWR.

TECHNICAL REQUIREMENTS OF 
REGULATORY STANDARDS
The California Air Resources Board (CARB) 
light- and heavy-duty regulations define a num-
ber of general requirements for the malfunction 
indicator light (MIL), trouble codes, monitoring, 
thresholds and standardized communications 
common to all OBD systems.
 
The requirements outlined in the following sec-
tions are also relevant to systems intended to 
comply with U.S. federal requirements.

On-board diagnostic capabilities with OBD II 
systems are incorporated into the hardware 
and software of a vehicle’s on-board computer 
for monitoring every component that can af-
fect emission performance. Each component 
is checked by a diagnostic routine to verify 
that it is functioning properly. If a problem or 
malfunction is detected, the OBD II system 
illuminates a warning light on the vehicle in-
strument panel to alert the driver. This warning 
light will typically display the phrase “Check 
Engine” or “Service Engine Soon.” The system 
will also store important information about the 
detected malfunction so that a repair techni-
cian can accurately find and fix the problem.

MIL & Fault Code Requirements
The malfunction indicator light (MIL) is located 
on the driver’s side of the instrument panel. 
Except for a functionality check where it illu-
minates for 15-20 seconds when in the key-on 
position before engine cranking, it is normally 
illuminated only when the OBD system has 
detected and confirmed a malfunction that 
could increase emissions.

A number of steps must happen before the 
MIL illuminates. When the OBD determines 
that a malfunction has occurred, it generates 
and stores a “pending fault code” and a “freeze 
frame” of engine data. At this point, the MIL 
does not illuminate. If the malfunction is de-
tected again before the next driving cycle in 
which the suspected system or component is 
monitored, the MIL illuminates continuously 
and a “MIL-on” or “confirmed” fault code is 
generated and stored as well as a “freeze 
frame” of engine data. If the malfunction is not 
detected by the end of the driving cycle, the 
“pending fault code” is erased.

Except for misfires and fuel system faults, if the 
malfunction is not detected in the next three 
driving cycles, the MIL can be extinguished 
but the trouble code is still stored for at least 
40 engine warm-up cycles. The MIL can also 
be extinguished, and fault codes erased with 
a scan tool that technicians use to diagnose 
malfunctions. Alternate MIL illumination strate-
gies are also possible but subject to approval.

Monitoring
The systems and parameters that require moni-
toring are outlined below. While some compo-
nents can be monitored continuously, this is 
not always possible. Therefore, manufacturers 
must define conditions under which important 
emission control components and subsystems 
can be monitored for proper function. 

The monitoring conditions should meet the 
following requirements:
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• Ensure robust detection of malfunctions 
by avoiding false passes and false indi-
cations of malfunctions,

• Ensure monitoring will occur under condi-
tions that may reasonably be expected 
to be encountered in normal vehicle 
operation and use, and;

• Ensure monitoring will occur during the 
FTP cycle.

In order to quantify the frequency of monitor-
ing, an in-use monitor performance ratio is 
defined as:

• In-use monitoring performance ratio 
equals the number of monitoring events 
divided by the number of driving events

• Each component and subsystem requir-
ing monitoring requires its own ratio. For 
example, for 2013 and later heavy-duty 
engines, the minimum acceptable value 
of this ratio is 0.100 (i.e., monitoring 
should occur at least during one vehicle 
trip in 10).

The monitoring requirements of California OBD 
systems are as follows:
1. Fuel system 

• Fuel system pressure control
• Injection quantity
• Injection timing
• Feedback control

2. Misfire 
• Detect continuous misfire
• Determine percentage of misfiring cycles 

per 1000 engine cycles  (2013 and later 
engines)

• EGR 
• Low flow
• High flow
• Slow response
• EGR cooler operation
• EGR catalyst performance
• Feedback control

3. Boost pressure 
• Underboost

• Overboost
• Slow response
• Charge air under cooling
• Feedback control

4. Non-methane hydrocarbon conversion 
(NMHC) catalyst 

• Conversion efficiency
• Provide DPF heating
• Provide SCR feedgas (e.g., NO2)
• Provide post DPF NMHC clean-up
• Provide ammonia clean-up
• Catalyst aging

5. SCR 
• NOx catalyst 
• Conversion efficiency
• SCR reductant
• Delivery performance
• Tank level
• Quality
• Injection feedback control
• Catalyst aging

6. NOx adsorber 
• NOx adsorber capability
• Desorption function fuel delivery
• Feedback control

7. DPF 
Filtering performance
Frequent regeneration
NMHC conversion
Incomplete regeneration
Missing substrate
Active regeneration fuel delivery
Feedback control

8. Exhaust gas sensors 
• For air-fuel ratio and NOx sensors:

- performance,
- circuit faults,
- feedback, and;
- monitoring capability

• Other exhaust gas sensors
• Sensor heater function
• Sensor heater circuit faults
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9. Variable valve timing (VVT) 
• Target error
• Slow response

10. Cooling system 
• Thermostat
• ECT sensor circuit faults
• ECT sensor circuit out-of-range
• ECT sensor circuit rationality faults

11. Canister closed valve (CCV) system 
      integrity

12. Comprehensive component monitoring

13. Cold start emission reduction strategy

14. Other emission control system  
        monitoring 

• Comprehensive component monitoring 
requires the monitoring of any electronic 
engine component/system not spe-
cifically covered by the regulation that 
provides input to or receives commands 
from on-board computers and that can 
affect emissions during any reasonable 
in-use driving condition or is used as part 
of the diagnostic strategy for any other 
monitored system or component.

• Monitoring is also required for all other 
emission control systems that are not 
specifically identified. Examples include: 
hydrocarbon traps, HCCI control systems 
or swirl control valves.

Malfunction Criteria
Malfunction criteria for the various malfunctions 
listed above vary depending on the system or 
component and individual parameter being 
monitored. In some cases, such as feedback 
control systems, sensor rationality checks and 
checks for circuit faults, a “go/no-go” criteria is 
used. In other cases, such as the fuel system, 
EGR, turbocharger physical parameters and 
aftertreatment system performance, the OBD 
system must be able to determine when de-
terioration or other changes cause emissions 
to exceed a specified threshold.

MITIGATION STRATEGIES

Spec’ing for Success
It is helpful to understand on the front end how 
the equipment will be used. Location, range 
of travel, power takeoff operation (PTO) vs. 
driving, and “idle for comfort” all represent 
factors that can and will impact aftertreatment 
health. By evaluating the equipment’s typical 
duty cycle and understanding how it affects 
the equipment, decisions around specification 
can be enhanced.

The illustrative data and graphics used in this 
section, and shown on the following pages 
were provided by members of the Task Force 
as means to compare and contrast the optimal 
duty cycles of typical box truck applications 
and the duty cycles of vocational applications 
which present more challenges to attaining 
regulatory performance.

Figure 1 shows an analysis of the duty cycle 
of a typical box truck application for a lease/
rental fleet box truck application was used to 
demonstrate the optimal conditions for after-
treatment health, around which aftertreatment 
systems are primarily designed.  

The graphs show five parameters charted 
against trip count, from left to right, top down:

• Average vehicle speed
• Fuel consumption
• DEF fluid consumption
• Average engine speed
• Average torque

The same set of data parameters was assessed 
for combined tree care truck and a utility aerial 
truck applications, and is presented in Figure 
2. It quickly becomes apparent that those ideal 
operating conditions simply are not being met 
in these applications.

Further evidence is demonstrated in the graphs 
presented in Figure 3 measuring non-regen 
DOC temperatures and in mean charge air 
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Figure 1: Box Truck Application

Figure 2: Vocational Applications
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Figure 3: Non-regen Diesel Oxidization Catalyst (DOC) Temperatures  
and Mean Charge Air Flow (Box truck in red/Vocational in green.) 

Figure 4: Idle Time and PTO Time 
(Box truck in red/Vocational in green.) 
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flow.  The box truck application represented in 
red and the utility and tree care units in green.  

Finally in Figure 4, we examine the factors that 
are primarily responsible for not being able to 
achieve those optimal operating conditions, 
those being idle time and PTO time.

This example highlights the need to isolate 
equipment data from specific vocational ap-
plications to determine possible tuning options 
that take into consideration the demands of 
those applications while still meeting federal 
and state emission regulations. 

Fleets should always review features/param-
eter settings (for example, when regens are 
allowed and not allowed) to be sure that exist-
ing tuning options are being used to mitigate 
issues with less-than-ideal situations.  Absent 
this kind of optimization from the manufacturer 
a fleet could still make decisions on jobsite 
hybridization for example battery electric pump 
operation instead of engine driven PTO options.  
In the case of cabin comfort Idle mitigation 
strategies like battery electric climate systems 
could come into play.

Robust Preventive Maintenance
Ultimately the objective should be to reduce 
or eliminate as many unplanned maintenance 
events as possible through identification of 
potential failure modes for these complex 
systems.

A core strategy consideration could involve 
utilizing the detailed information included in 
TMC recommended practices:

• RP 355A, Maintenance and Inspection 
Guidelines for OEM-Installed Exhaust 
Particulate Filters for Diesel-Powered 
Vehicles

• RP 361A, EGR Cooler Diagnosis and 
Cleaning

• RP 373, Diesel Exhaust Fluid System 
Maintenance

LISTEN AND ACT
Every aspect of the aftertreatment system 
must be monitored for functionality and ef-
ficiency.  By using data either through remote 
diagnostics or direct connection of diagnostic 
software, system health checks are an effective 
way to ensure that the systems are working as 
intended.  Diagnostic trouble codes (DTCs )
will indicate when corrective action should be 
taken. Further trending of collected data can 
help to determine specific maintenance rou-
tines that will prevent interruptions of service 
for the equipment even when codes are not 
present. By recording the faults that are most 
frequently impacting the fleet and distribut-
ing the troubleshooting information for those 
codes, “targeted training” for both technicians 
and management can be achieved.  Further 
root cause analysis of these issues can often 
give insight to tweaks in scheduled preven-
tive maintenance leading to a reduction in 
unplanned maintenance events.


