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Abstract

Many industries regard occupational health and safety as a core value and an integral component to maintaining high
productivity, and, thus, shareholder value.Dieselfleets’ enginemaintenance is instrumental in ensuring affectedworkplaces
meet production requirements while controlling health and safety hazards that these fleets introduce to the workplace. This
systematic literature review focuses on production and occupational health and safety advantages associated with the
implementation and adherence to an emissions-based maintenance (EBM) program. The literature review was conducted
across eight databases relevant to workplace health and engineering. To be eligible for inclusion, the publication had to
contain maintenance interventions that were informed by diesel engine emissions (DEE) data. Eight publications met the
inclusion criteria. The quality of evidence was evaluated by applying the Authority, Accuracy, Coverage, Objectivity, Date,
and Significance (AACODS) checklist [1]. There is a paucity in peer-reviewed EBM literature. Available research show
evidence for productivity gains such as reducedDEE at the source, reduced fuel consumption, reducedworker exposure, and
anecdotal evidence for extended exhaust aftertreatment (EAT) service life. There was no evidence that EBM improved fleet
management (measured asfleet availability and reliability) or resulted in reducedundergrounddilution ventilationdelivery.

Keywords: emissions-based maintenance, DPM control, DEE control, productivity gain

1. Introduction

O perational productivity and occupational
health and safety have an intrinsic duality.

There has been an ongoing tug-of-war between
these two seemingly opposed disciplines, however,
some companies have demonstrated the link be-
tween workplace risk reduction, increased produc-
tion and shareholder value [2e4]. Emissions-based
maintenance of diesel fleets has the potential to
benefit both production requirements and
improving the quality of the work environments,
especially in the underground mining industry.
Diesel engines are ideal for freighting heavy loads

and are purposefully designed and applied to
handle strenuous environments. Unfortunately, it
emits carcinogenic DEE [5] that poses a health risk
for exposed workers, especially in underground

work like mining, where confined work conditions
rely on mechanical ventilation to supply fresh air for
workers. Diesel engine exhaust is a complex mixture
of hundreds of hydrocarbons (HC), polycyclic aro-
matic hydrocarbons (PAH) [6], submicron diesel
particulate matter (DPM) and inorganic gases, most
notably carbon monoxide (CO), carbon dioxide
(CO2), oxides of nitrogen (NOx) (differentiated as
nitrous oxide (NO), and nitrogen dioxide (NO2)),
and sulphur dioxide (SO2) [5]. Even though there is
rationale and momentum for the adoption of electric
engines in mining, this process is still in a transition
phase, and it is anticipated that diesel engines will
remain the mainstay for heavy-load transportation
in the immediate future.
On a rudimentary level, the power output of

a diesel engine is determined by the amount of fuel
that is combusted within the engine cylinders.
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Diesel engines typically operate lean, providing
excess air to aid with complete fuel combustion.
When the fuel-air ratio is rich e i.e., contains excess
fuel with insufficient air for complete combustion
e the exhaust gas contains elevated concentrations
of CO, DPM and other incomplete combustion
products [7]. Gradual engine component wear
deteriorates emissions quality over time, resulting
in increasing concentrations of DPM, CO and HC
[8]. Furthermore, some engine faults may be syn-
ergistic in increasing emissions, e.g. intake or
exhaust restriction with over-fuelling [8]. The search
for means to combat DEE resulted in the focus on
six relevant engine systems. These systems are
illustrated in Fig. 1: (1) intake air system; (2) engine
cooling system; (3) diesel fuel handling and quality;
(4) fuel injection system; (5) lubrication system; and
(6) exhaust system [7,8]. Appropriate maintenance
has been shown to mitigate the degradation in
emissions [9].
Maintenance decisions’ dual responsibilities are

ensuring that a fleets’ operation does not create an
unacceptable health, safety, or environmental risk,
and that diesel fleets are available tomeet production
needs [10]. Maintenance philosophies are typically
divided into two categories: unplanned maintenance
and planned maintenance [11]. Unplanned mainte-
nance is considered reactive and is relevant when
failure has occurred. The purpose of unplanned
maintenance is to restore diesel fleets to functional
condition or to prevent an immediate hazardous sit-
uation. Planned maintenance, on the other hand, is
a proactive approach geared towards either pre-
venting or predicting future faults and failures [11].
Emissions-based maintenance, as part of planned

maintenance, is a process that collects engine

emissions data to infer an engine’s combustion and
EAT efficiency compared to its’ baseline data or
compared to identical engine types and, when
needed, to make targeted intervention decisions, to
reduce emissions or to prevent against impending
engine fault or failure. A statistical method to
identify high-emitting engines is to compare indi-
vidual engine emission data to the mean’s 95%
upper confidence level of an identical fleet of
engines [12]. Engines with emissions that exceed the
fleets’ 95% upper confidence level should be
investigated for deviating from the fleets’ emission
profile.
The term was initially introduced as “emissions-

assisted maintenance” in the 1990s [13]; after the
publication of McGinn (2000) [14], the term EBM
appeared twice at the 2005 conference of the Mining
Diesel Emissions Council [15,16]. Emissions-based
maintenance is an emission control tool which
requires decisions beyond the original equipment
manufacturers’ (OEMs) normal maintenance re-
quirements [17]. It includes quantifying raw and
treated DEE, pressure differentials across control
technologies, and inspection of the six different
engine systems previously mentioned [7,8,14].
Emissions-based maintenance has four key pro-
cedures: 1) periodic monitoring of engine systems;
2) data-based engine fault diagnosis; 3) targeted
maintenance to address the diagnosed fault, and 4)
confirmation testing to evaluate the effectiveness of
the intervention [18].
The legislation does not use the terminology

EBM but it does lay the foundation for its imple-
mentation by prescribing a framework of regular
emissions monitoring and by prescribing
a maximum EAT-out concentration for gases e.g.,

Fig. 1. Illustration of the six-engine system relevant to maintenance and emissions control adopted from DieselNet. Notation: 1) intake air system;
2) engine cooling system; 3) diesel fuel handling and quality; 4) fuel injection system; 5) lubrication system; 6) exhaust system.
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CO (1100 ppm [19] e 2500 ppm [20]), and NOx

(1000 ppm), differentiated as 900 ppm and 100 ppm
respectively for NO and NO2 [19]. Legislation
furthermore requires the maintenance of engines’
operation to not increase the risk to health and
safety and to keep particulate emissions as low as
reasonably practicable [19,21e24]. This framework
includes keeping maintenance and test report re-
cords and comparing current emissions data with
baseline emissions [19,21]. The recommended
variance from baseline is 15% for CO and NOx

greater than 500 ppm and 25% for these gases
below 500 ppm. The recommended variance for
dirtier and cleaner engines are, respectively, 15%
and 30% [20]. Other control strategies for diesel
emission exposure, such as EAT technologies
(diesel oxidation catalysts, selective catalytic
reduction, diesel particulate filters etc.), mine
ventilation, and administrative control, are
eloquently explained by Bugarski, Schnakenberg
[25]. The role of mine ventilation in the context
of this paper is to demonstrate that personal
exposure to DPM is controlled to below relevant
exposure standards, e.g. 0.1 mgm�3 of elemental
carbon (EC) [19].
This literature review focuses on advantages

reportedly associated with the implementation and
adherence to an EBM program. For the context of
this review, productivity gains are defined from
a production and occupational health perspective as
“any quantifiably positive outcome”. Productivity
gains are summarised under the following cate-
gories: reduced DEE at the source, reduction in fuel
consumption, improved diesel fleet management,
extended EAT service life, reduced worker expo-
sure, and reduced dilution ventilation delivery un-
derground. Engine-out emissions will be used to
refer to exhaust constituents measured at the
exhaust manifold, and exhaust aftertreatment-out
(EAT-out) emissions to refer to measurements after
emission control technology.

2. Materials and methods

A literature search was conducted, searching the
following databases: Web of Science, Scopus,
Computers and Applied Sciences Complete, Health
Business Elite, MasterFILE Complete, CINAHL
Plus, Information Science and Technology, and
Environment Complete. Four search syntaxes con-
taining Boolean operators were used in alternating
trios to create four unique combinations, across all
the databases. Each of the four combinations
covered a different theme relevant to investigating
productivity gains related to EBM. These themes

were: diesel engines; maintenance; diesel engine
exhaust; and occupational health and safety. As an
example, combination one included a search for
diesel engines, maintenance, and diesel engine
exhaust, while combination two covered diesel
engines, diesel engine exhaust, and occupational
health and safety. All publications up to 1 March
2022 were considered, including full-text, peer-
reviewed publications, and grey literature.
A manual search was conducted of all available
Mining Diesel Emissions Council (MDEC) confer-
ence presentations and the Centres for Disease
Control (CDC) and Diesel.net webpages for “emis-
sions-based maintenance” and “emission-assisted
maintenance program”. Where an author contrib-
uted to more than one publication based on the
same results, the uniqueness of the reported gains
of each publication was determined, and the most
relevant publication(s) were included. To mitigate
publication bias, grey literature was considered.
Limitations to the selected publications were that
only English publications were considered.
The quality of the literature was evaluated by

applying the AACODS checklist for grey literature
critical appraisal [1]. An overall rating e “strong”,
“moderate”, or “weak” e was derived for each
publication based on an evaluation of the six
AACODS parameters. Productivity gains were
evaluated based on evidence for: reduced emissions
at the source; reduced personal exposure; improved
fuel economy; improved fleet management, e.g.,
increased engine life and reduced downtime;
increased EAT service life; and reduced ventilation
requirements.

3. Results

An overview of the publication selection process is
displayed in Appendix A: Prisma Diagram. The
initial search yielded 4996 documents. After
removing duplicates, 2113 documents were
screened for applicability. After reviewing abstracts,
the full text of 84 documents was reviewed for
eligibility. No peer-reviewed publications met the
inclusion-exclusion criteria, while eight grey litera-
ture publications were included. The eight publi-
cations that were included in this review are
summarised in Table 1 by the advantages reported,
and the quality of evidence reported. Two publica-
tions were rated as strong, three as moderate, and
three had a weak rating. The majority of the publi-
cations are based on in-situ case studies by industry
experts and are not peer-reviewed. From the limited
available data, data sets that report the effect that
specific maintenance had on emissions are small.
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The publications also do not provide information to
compare EBM fault diagnosis and OEM-specified
planned maintenance.

3.1. Changes in DEE

All publications reported various reduced emis-
sions ascribed to EBM-based targeted maintenance
[12,14e17,26e28]. Table 2 is a summary of reported
interventions, categorised by air intake-, fuel-, and
exhaust system. Intervention on a combination of
engine systems often occurs for a single engine.
Three publications reported the identification of

deviances in the air intake system requiring main-
tenance [14,15,27]. This led to various degrees of
reduction in measured DEE. Four publications
reported reducing maximum fuel delivery to reduce
emissions [15,16,26,28]. One publication increased

the fuel delivery after another maintenance was
completed to regain some of the lost power output
[12]. Seven publications reported reduced emission
after maintenance was conducted on EAT devices,
which included using emission data to identify poor
performing EAT devices and to rationalise fitting
different EAT devices [12,14,15,17,26e28].
Table 3 summarises number of scenarios where

the publication documented both the effect of tar-
geted maintenance and the resulting emissions’
outcome. Replacement of faulty fuel injectors
reduced CO and DPM by 18e30% and 40e55%
respectively [12]. Chemically treating a blocked
water-based conditioning tank (scrubber tank) to
reduce high back pressure and fitting a new fuel
pump resulted in a 67% reduction in EC and 45%
decrease in CO.
Two publications reported reduced engine-out

emissions [14,17]. Table 4 amalgamates the effect of
targeted maintenance on engine-out DEE.
One publication with a strong rating investigated

the effect that an EBM program had on diesel
emissions on personnel transportation vehicles
(PTV) (n¼ 50) and load haul dumpers (LHD)
(n¼ 51). The study was conducted over one year
between two underground coal mines e a test site
where EBM was to be implemented and a control
site without an EBM program [17]. Table 5 is the
summary of the changes in emissions based on the
median results reported.
Median reported engine-out concentration for

NO2, CO, and EC reduced at the test site, compared

Table 1. Summary of productivity gains associated with EBM.

Gains stated Publication Sampling methodology Strength of evidence

Reduced engine-out
emissions

i. Hines (2019) [17]
ii. McGinn (2000) [14]

Baseline emissions compared to
emissions after EBM implementation

i. Strong
ii. Moderate

Reduced EAT-out
emissions

i. Davies (2004) [12]
ii. Davies and McGinn (2005) [15]
iii. Forbush (2006) [16]
iv. Forbush (2001) [26]
v. Hines (2019) [17]
vi. McGinn et al. (2002) [27]
vii. McGinn (2000) [14]
viii. Volkert and Rhiley (2007) [28]

Baseline emissions compared to
emissions after EBM implementation

i. Strong
ii. Moderate
iii. Weak
iv. Weak
v. Strong
vi. Moderate
vii. Moderate
viii. Weak

Reduced personal
exposure

Hines (2019) [17] Baseline exposure to of DPM and NO2,
compared after EBM implementation

Strong

Reduced fuel
consumption

i. Forbush (2006) [16]
ii. Hines (2019) [17]

Baseline fuel consumption compared
after EBM implementation

i. Weak
ii. Strong

Improved fleet
management

i. Forbush (2006) [16]
ii. Forbush (2001) [26]
iii. Volkert and Rhiley (2007) [28]

Not reported i. Weak
ii. Weak
iii. Weak

Improved EAT
service life

i. Davies (2004) [12]
ii. Forbush (2006) [16]

Back pressure monitoring i. Strong
ii. Weak

Reduced dilution
ventilation

i. Forbush (2006) [16]
ii. Forbush (2001) [26]
iii. Volkert and Rhiley (2007) [28]

Not reported i. Weak
ii. Weak
iii. Weak

Table 2. Summary of interventions categorised by different engine
systems.

Engine system Intervention(s)

Air intake Repair system air leaks [14,27]
Restore turbo pressure [14]
Address restrictions [14,15,27]

Fuel Reduce fuel [15,16,26,28]
Replace injectors [14,15,27]
Alter engine timing [14,15,27]
Increased fuel [12]

Exhaust Replace defective EAT [12,14]
EAT cleaning [12,14,15,17,27]
Repair system leaks [14,17,27]
Different technology fitted [26,28]
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to an increase in these constituents at the control
site. EAT-out emissions decreased at both sites,
except for a one ppm increase in CO at the test site.
The author does not report the confidence interval
for these constituents.

3.2. Changes in personal exposure

Two publications reported a reduction in personal
exposure to DEE supported by data [12,17]. An
analysis of five years of personal DPM exposure
data of the Tower Colliery Diesel Research Group
[12] found that one of the six collieries had statisti-
cally lower exposure to DPM. An intensive planned
maintenance program was cited as a significant
contributor to the lower DEE exposure.
A personal exposure monitoring campaign using

recognised sampling methodologies for DPM and
NO2 exposure, compared baseline exposure to
exposure after the implementation of EBM [17].
Personal exposure data were collected from ex-
pected medium to high DEE exposure risk occupa-
tions based on the test mine’s historic DPM
exposure data. The same job tasks were sampled at

the control site. There was an overall downward
trend in EC exposure at the test site, with a statis-
tically significant decrease of 33%, while the median
exposure at the control site increased. Oxides of
nitrogen exposure data did not indicate a clear trend
at either the test or control site. The author recog-
nised that there might be several reasons for the
lower exposure at the test site but, based on the
reduction in exposure and data variability after the
maintenance phase, concluded the most significant
factor to be engine and emission control system
maintenance.

3.3. Reduced fuel consumption

Four publications reported reduced fuel con-
sumption [16,17,26,28]. From these, two expressed
fuel savings as a value, 15% [17] and 23% [26], with
one publication substantiating this with quantifiable

Table 3. Summary of published case studies (n) that reported the effect of specific maintenance on the intake, exhaust, fuel or a combination of engine
systems on various EAT-out emissions.

Engine system Publications

Davies
(2004) [12]

Davies and
McGinn
(2005) [15]

Hines
(2019) [17]

McGinn
(2000) [14]

McGinn
et al. (2005) [27]

Air intake None reported Reduced
DPM (n¼ 1)

None reported Reduced CO
and DPM (n¼ 3)

Effect on emissions
not reported

Fuel Net reduction in
CO (n¼ 1)

Reduced CO and
DPM (n¼ 3)

None reported Net reduction
in CO and
DPM (n¼ 1)

Effect on emissions
not reported

Exhaust Effect on emissions
not reported

Reduced
DPM (n¼ 2)

Reduced CO and
DPM (n¼ 6)

Reduced CO
and DPM (n¼ 2)

Effect on emissions
not reported

Combination of any two
or more systems

Net reduction in CO
and DPM (n¼ 3)

Reduced
DPM (n¼ 3)

None reported Reduced CO
and DPM (n¼ 1)

Reduced CO
and DPM (n¼ 3)

Table 4. Summary of specific engine system maintenance and the
associated engine-out emission changes.

Engine system DEE Net effect

Intake [14] CO
DPM
NO2
NOx

Decrease
Decrease
Increase
Decrease

Fuel [14] CO
DPM
NO2
NOx

Decrease
Decrease
Increase
Decrease

Unspecified [17] CO
DPM
NO2
NOx

Decrease
Decrease
Decrease
Not reported

Table 5. Summary of changes in DEE induced by EBM program [17].

All vehicles (PTV and LHD)

Engine-out mission changes
NO2 CO EC

Test site
(n¼ 101)

8% decrease 7% decrease 13% decrease

Control site
(n¼ 13)

1% increase 23% increase 7% increase

EAT-out Changes
NO2 CO EC

Test site
(n¼ 101)

46% decrease 1% increase 9% decrease

Control site
(n¼ 13)

7% increase 2% decrease 60% decrease

Change based on baseline engine-out and post-EBM EAT-out
data

NO2 CO EC
Test site

(n¼ 101)
80% decrease 45% decrease 68% decrease

Control site
(n¼ 13)

66% decrease 25% decrease 91% decrease
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data [17]. The remaining publications did not
rationalise this reported gain.
Reducing maximum fuel delivery to compensate

for high altitude resulted in a 23% reduction in fuel
usage [26]. There is no information on how this
value was derived. Strong evidence for fuel saving
ascribed to an EBM program reported an overall
15% in fuel saving one year after the baseline
measurement [17]. Fuel and vehicle data were
collected by site personnel, and data was only
included in the analysis if the following was recor-
ded for three testing campaigns: vehicle operating
hours, fuel data, and relevant time data. Unfortu-
nately, fuel data could not be collected at the control
site. A 20% and 6% reduction in fuel consumption
were recorded for LHDs and PTVs, respectively [17].

3.4. Improved EAT service life

Two publications reported on EAT replacement
intervals [12,16]. One publication reported an
increased average time of 90 h before filters needed
change without specifying the filter replacement
interval before the implementation of EBM or type
of filters used [16]. The other publication reported
six disposable diesel exhaust filters (DDEF) of a
21-filter data set were replaced after utilisation of
fewer than 5 h within a 24-h period [12]. No strategy
for the optimum replacement interval of filters was
recommended by either author [12,16].

3.5. Improved diesel fleet management

Three publications noted productivity gains asso-
ciated with fleet management, framed as reduced
downtime, reduced breakdown, increased engine life
or improved fleet availability [16,26,28]. One publi-
cation reported an improved engine life from 3000 to
10,000 h without providing supportive evidence [16].
Reduced maintenance time was ascribed to the
implementation of regular emission testing and
subsequent targeted maintenance [26,28].

3.6. Reduced ventilation requirements

No publications provided evidence that a reduc-
tion in emissions resulted in reduced dilution
ventilation. Relying on ventilation alone to control
DPM concentrations is impractical in most coal
mines [12].

4. Discussion

This article reviewed the evidence of productivity
gains that resulting from the implementation of an

EBM program. Publications report different pro-
ductivity gains, ranging from a single, specific gain,
such as reduced EAT-out EC [15], to a broad range
of gains, including reduced DEE at the source,
improved fuel economy, reduced breakdowns and
downtime, extended engine life and improved en-
gine performance, increased EAT life and reduced
ventilation requirements [16,28].
All of the publications focused on diesel emissions

in underground coal mines. A reasonable rationale
is that historically metalliferous mines were not
legislated to conduct periodic emissions, testing
whereas coal mines are more highly regulated in
terms of exhaust emissions monitoring which may
incentivise the adoption of EBM. The most cited,
and arguably the most accepted gain of EBM, is the
reduction in DEE. This can be bifurcated into
a reduction of engine-out emission and a reduction
of EAT-out DEE. Evidence shows that EBM data can
be used to diagnose faults and inform maintenance
decisions that reduce engine-out CO and DPM
[14,17]. These results are aligned with the expected
outcome of reduced CO and DPM when targeted
maintenance alters diesel combustion towards lean
fuel-air ratios [7]. A granular, albeit small data set
shows how EBM data can be used to diagnose en-
gine faults and inform maintenance decisions on the
intake- and fuel systems to reduce CO, DPM and
NOx [14]. Although the variance of this baseline data
set, and missing DPM data from the investigation
limits inference that can be made, the overall
conclusion of reduced engine-out emission induced
by targeted maintenance is valid. Similar reductions
in engine-out CO, DPM and NO2 were reported
from a fleet of 101 diesel vehicles over a year
investigation, while a control fleet (n¼ 13) showed
an increase in these emissions constituents [17].
Inference from this study is limited by a reduction in
available fleet size from baseline (n¼ 101) data
collection to post-EBM implementation (n¼ 45), the
absence of confidence intervals for means, and the
statistical significance of the results. The reported
reduction of both NO2 and DPM is contra-indicative
to the literature [7]. Diesel particulate matter and
NO2 have an inverse relationship. When DPM re-
duces, the combustion temperature increases which
results in increased NO2 formation [7]. It is likely
that other publications that reported reducing fuel
delivery to the engines [16,26,28], i.e. reducing
engine power, resulted in a similar reduction of
engine-out constituents.
There is strong evidence that indicates EBM data

can inform maintenance decisions of the intake-
[14,15,27], fuel- [12,14e16,26e28], and exhaust
system [12,14,15,17,26e28], or a combination of
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these systems, and will result in reduced EAT-out
emission. Exhaust after-treatment devices are the
last control barrier before emissions are released
into the work area. The effectiveness of EAT in
reducing emissions varies depending on the selec-
tion, configuration [26,28], and maintenance of these
devices [12,14,15,17,26e28]. Two important factors of
EAT are back pressure and a reduction efficiency.
Relatively elementary tasks like unblocking exhaust
scrubber tanks can be sufficient to reduce excessive
back pressure, increasing the control efficiency and
resultant reduced CO and DPM [12,14,15,17].
Addressing exhaust system damage and leakages
will also improve EAT reduction efficiency [14,17]. It
is reasonable to expect that reducing engine-out CO
and DPM contribute towards the reduction of these
EAT-out pollutants.
It should be noted, however, that the effect of

subsequent targeted maintenance does not inher-
ently follow a perfectly correlated reduction of DEE.
To illustrate this, maintaining the intake system to
reduce engine-out CO and DPM may be counter-
acted to various degrees when alterations to the fuel
system are made, e.g. increasing fuel [12]. The net
reduction in CO and DPM was still noteworthy and
indicates that successive testing can be valuable in
optimising engine power output while meeting
emission targets. Although beyond the scope of
maintenance, the reduction in power due to reduced
fuel delivery can be compensated for by changing
torque converters [16,26].
There is strong evidence that emissions reduction

from EBM will reduce personal exposure to DEE,
specifically measured as DPM and NO2 [17]. The
test site showed a statistically significant reduction
in EC exposure of 33%, compared to a 50% increase
in exposure at the control site. There was no clear
trend in NO2 at either site. Differences in mine
ventilation delivery between the test and control site
were not reported [17]. Consequently, the difference
and impact of dilution ventilation or other control
measures on exposure control that may occur be-
tween the sites cannot be evaluated. Regardless of
this limitation, this publication provides strong
evidence that controlling emissions at the source
will result in reduced personal exposure.
Reported fuel consumption reductions were 15%

[17] and 23% [26]. There is evidence that vindicates
the association between EBM and reduced fuel
consumption for an underground diesel fleet [17].
The control site did not have the means to gather
the same detail for individual fuel data. Information
was initially collected for the quantity of fuel
distributed underground, however due to changes
in fuel distribution, this could not be continued

throughout the investigation, resulting in a lack of
comparable data. The author lists the limitations of
the fuel data, including inaccurate bowser registers,
human interpretation of what qualifies as a “full
tank”, and incorrect or incomplete data collection.
Regardless of these limitations, this publication
currently presents the most systematic approach to
calculating improved fuel consumption as a result of
the implementation of an EBM program [17].
A trial that changed DDEF daily yielded a small

sample size (n¼ 26) of filters that highlighted the
variability of vehicle utilisation during different
shifts [12]. Three DDEFs had a service life greater
than 24 h without exceeding backpressure of 7.0 kPa.
Only two filters’ (that were obtained from the same
vehicle) backpressure exceeded 7 kPa. These filters
were collected on consecutive days, leading to
a suspecting of a critical fault in the exhaust system.
Although the viable filter sample size was small,
these findings suggest that filter service life can be
extended, even more so if replacement is based on
EBM data as opposed to fixed timeframes [12].
These findings overlap with the general inference
that filter life can exceed multiple shifts [16]. A direct
comparison between EAT service life reported
[12,16] must be approached with caution as the filter
technologies referenced in each publication may
differ. Although not directly linked to increasing the
service life of EAT, three publications indicated that
EBM is a useful tool to determine EAT efficiency
and address EATs operating below expected effi-
ciency [12,14,17].
There are interactions between productivity gains.

For example, reducing back pressure could reduce
diesel use, while optimised fuel delivery for lean
combustion could reduce CO and fuel consumption.
However, to completely explore and rationalise this
complex interplay is beyond the scope of this review.
The reduction of engine-out CO and DPM [14,17]
substantiate statements regarding improved fuel
consumption. Lean combustion reduces CO and
DPM in DEE [7]. This improved fuel utilisation will
result in improved power output per volume of fuel,
as more of the fuel combusts, and less unburned fuel
enters the exhaust system. The reduction in engine-
out EC [14,17] can partly rationalise the extension of
filter life. A higher DPM content in the exhaust
stream will occlude a filter quicker than a compar-
atively lower DPM content in an identical system.
The higher rate of filter occlusion will inevitably
result in an earlier increase in backpressure and
subsequent increased filter change.
Aside from the lack of substantiatingdata to support

claims that EBM reduces maintenance cost, it is also
unclear what cost factors were included to support
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such claims. Anecdotal evidence shows that changing
fuel injectors based on service time, and not based on
emissions data or other indications of injector deteri-
oration, had virtually no effect on emissions [14]. It
may be inferred that avoiding unnecessary part
replacement will reduce maintenance cost.
There is no evidence that engine faults identified

via EBM prevented or delayed catastrophic engine
failure. Consequently, there is no evidence that EBM
improves vehicle availability or reliability. It is
possible that this category of gain is a logical
deduction based on the assumption that early
identification of engine faults and regular mainte-
nance will prevent catastrophic engine failure.
Equipment availability and useful engine life are
decreased by a lack of basic maintenance, while
engine failures increase [9]. Maintenance, in general,
aims to combine increased reliability and hence
availability with the lowest cost possible, whether
direct or indirect [29]. The use of oil analysis to guide
maintenance decisions has been shown to reduce
downtime and increase availability in diesel buses in
at least one peer-reviewed publication [29]. There is
currently no evidence that implementing EBM will
have similar productivity gains.
There is no evidence from the included publica-

tions that EBM reduced dilution ventilation in an
underground mine. Where underground ventilation
requirements are based on known high-emitting
engines, it is reasonable to expect a reduction in
ventilation requirements when emissions are
reduced at the source. To control for DPM, it is
stipulated that ventilation requirements must dilute
exposure to below regional exposure limits, e.g.
below 0.1mgm�3 EC [19]. It should be emphasised
that ventilation quantities underground are also to
control heat and other airborne pollutants.

5. Conclusion

From the evidence available, EBM is a tool that can
reduce production cost by saving fuel while lowering
DEE exposure and associated health risks. Although
EBM is currently mostly associated with and
employed as a control measure to reduce exposure
to carcinogenic DEE, there is evidence that indicates
its application can produce other production gains.
Its application reduces engine-out [14,17] and EAT-
out CO and DPM [12,14e17,27]. This reduction of
EAT-out emissions manifests as a reduction in per-
sonal exposure to DPM [17]. There is evidence that
targeted maintenance informed by EBM results in
reduced fuel consumption of the fleet [17].
There is a small body of evidence that indicates

DDEF life can be extended by basing change on

backpressure measurements rather than fixed in-
tervals [12]. Evidence is lacking to ascertain if EBM
improves the service life of other EAT technologies.
From the available evidence, no conclusion should
be drawn whether EAT service life can be extended
for the other emission control technologies. Emis-
sions-based maintenance is crucial in determining
the effectiveness of EAT controls. There is no evi-
dence provided to substantiate claims that EBM
programs improve fleet management, typically
expressed as reduced breakdowns [26], prolonged
engine life [16,28], reduced downtime [28], reduced
maintenance costs [16] and maintenance time [28] or
that a reduction of EAT-out DPM resulted in
reduced underground dilution ventilation.
Recommended OEM maintenance suggests

planned maintenance, e.g., to replace intake filter,
fuel pumps etc., at fixed intervals, however, it is not
clear how EBM maintenance correlates with OEM
recommended maintenance programmes.
It is currently unclear if EBM will pose the same

value for mechanical and electronic diesel engines.
The value of EBMon newer Tier engines, e.g. Tier 3 or
higher, has not been explored. There is no widely
available central database to assist with EBM data
interpretation, and currently no single parameter that
can be used to trigger targeted maintenance. The
consequence is that fault diagnosis is reliant on oper-
ator skill, knowledge, and experience. There is great
value in the construction of a diagnostic tool based on
EBM data to assist relevant personnel with engine
fault diagnostics. This aspect is part of the current
research program at the University of Wollongong.
Conceptually, EBM as an emission control tool

has been proven, but currently, there is a paucity of
available peer-reviewed research. It would be
valuable to investigate if the successful imple-
mentation of an EBM program at an operation has a
positive impact on fleet availability and reliability by
comparing fleet maintenance records before and
after the adoption of such a program. Evidence of
fleet management gains could expedite industries to
formally implement EBM programs to achieve
operational and occupational health gains.
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