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1 BACKGROUND 

Improving the health and safety of underground 
miners by reducing their exposure to hazards has 
been a major driver behind the increasing prevalence 
of mining mechanisation.  In recent years, the nega-
tive health effects of worker exposure to emissions 
from diesel-powered equipment underground have 
become more conclusive.  This has led to many first 
world countries adopting defined and increasingly 
stringent occupational exposure levels (OEL) for 
diesel particulate matter (DPM) emissions in under-
ground mines.  The South African legislators will 
soon be following this example.  Once implemented, 
non-compliance with this OEL will result in mining 
operations being halted.  It is, therefore, prudent for 
South African underground mines to seek proactive 
solutions to lower DPM emissions from diesel-
powered equipment. 

The industry-wide collaborative project partly de-
scribed in this paper explored, amongst other objec-
tives, the potential for the reduction of DPM emis-
sions in South African underground mines using 
current engine technology, filtration systems, fuel 
quality and applied fresh air dilution rates.  The 
starting point is defining the operation of an older 
technology engine (Tier 1 emission level compliant) 
using diesel fuel containing 500 ppm sulphur as a 

base-line case. Comprehensive engine exhaust emis-
sions tests were carried out in a test cell using seven 
different diesel fuels with and without two retrofitted 
diesel particulate filters.  For each evaluation, the 
engine was operated over a legislated non-road 
steady-state test cycle and a real-world transient cy-
cle.  The transient cycle was obtained from record-
ing the working cycle of a Load-Haul-Dump (LHD) 
vehicle in an underground, narrow reef platinum 
mine, which was used to generate real-world emis-
sions results for each evaluation.  This data then 
provided the inputs to model underground air quality 
for a platinum mine, which was compared against 
existing and future occupational exposure levels. 

2 OBJECTIVE 

The objective was to evaluate the effectiveness of 
seven fuels and two retrofitted diesel particulate fil-
ters (DPF), while recording other exhaust emissions 
to assess feasible short-term to long-term strategies 
for the effective reduction and management of diesel 
particulate matter emissions in underground mines. 
The recorded variation of DPM emissions was quan-
tified in terms of fresh air dilution factors currently 
employed in underground platinum mines. 
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ABSTRACT: Through an industry wide collaborative project, this paper explores what potential exists for 
South African underground mines to reduce diesel particulate emissions, where the starting point is a mine us-
ing older engine technology (Tier 1 emission level compliant) and a diesel containing 500ppm sulphur.  
Comprehensive engine exhaust emissions tests were carried out in a test cell on seven diesel fuels and two ret-
rofitted diesel particulate filters.  For each evaluation, the engine was operated over a legislated non-road 
steady-state test cycle and a real-world transient cycle.  The transient cycle was obtained from a recording of a 
working Load-Haul-Dump vehicle in an underground mine, which was used to replicate real-world emissions 
in a controlled environment.  The emission data thus obtained was used also to assess the effectiveness of cur-
rent dilution rates used in a typical underground mechanized platinum mine to meet proposed occupational 
exposure levels. 
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3 EXPERIMENTAL METHOD 

This section provides details of the test engine, eval-
uated retrofit exhaust after-treatment products, and 
test fuels.  A detailed description of the test protocol 
is also given below. 

3.1 Test engine 

One of the most prevalent engines in the Platinum 
mines considered for this test is the Deutz BF 6M 
1013 E engine (Tier 1 emission level compliant), 
which was therefore selected for this project.  The 
basic details of this engine are provided in Table 1. 

 
Table 1. Test engine specifications. 

 

Engine model Deutz BF 6M 1013 E 

Emission level Tier 1 

Type 6 cylinder, water-cooled, turbo-

charged 

Displacement 7.146 L 

Compression ratio 17.6 

Injection system Single injection pumps for each 

cylinder 

Power rating 137 kW @ 2300 rpm 

Torque rating 702 Nm @ 1400 rpm 

3.2 Retrofit exhaust after-treatment selection 

The selection of exhaust gas after-treatment systems 
suited for retrofitting onto an LHD depends on vari-
ous requirements.  Engine emission performance 
varies from manufacturer to manufacturer, with op-
erational cycles, fuel, oil and additive quality and the 
engine emission certification level (Tier 1 to 4, or 
Stage 1 to 4).  As such, after-treatment needs to be 
selected on a case by case basis for each engine fam-
ily. 

There is a large range of approved after-treatment 
retrofit suppliers that can be found on the VERT® 
list (an association dedicated to the promotion of 
“Best Available Technology” for emission control), 
the US EPA Verified Technologies List for Clean 
Diesel, or the US Mine Safety and Health Admin-
istration (MSHA) website.  After-treatment systems 
that are not listed on one of these lists have not had 
their performance independently certified, and 
should be avoided. 

The two exhaust after-treatment options that have 
been selected by Deutz Dieselpower for the evalua-
tion are described below. 

3.2.1 Partial flow SMF®-CRT® 
The efficiency of the partial flow diesel particulate 
filter (DPF) is claimed to be between 30-60% de-

pending on raw exhaust gas composition and soot 
load.  The system is based on a continuous regener-
ating trap (CRT) design and utilizes a sintered metal 
filter (SMF).  Due to the diesel oxidation catalyst 
(DOC) integrated in this unit, the fuel sulphur con-
tent is restricted to a maximum of 50 ppm but an ex-
tended life and improved performance will be at-
tained by using 10 ppm diesel.  This system uses 
passive regeneration, i.e. the heat energy in the ex-
haust stream is used to oxidise the diesel particulate 
matter trapped in the filter.  

Figure 1 below shows the SMF-CRT unit used in 
the test cell at the Sasol Fuels Application Centre in 
Cape Town. 

 

 
Figure 1. SMF-CRT diesel particulate filter fitted to the engine 
in a test cell at the Sasol Fuels Application Centre. 

 

3.2.2 Wall-flow SMF®-AR® 
The efficiency of the electronically controlled wall 
flow actively regenerating (AR) sintered metal 
(SMF) DPF is claimed to be 99%.  It makes use of a 
fuel borne catalyst (FBC) which is an organometallic 
chemical compound that is dosed into the vehicle’s 
fuel tank during operation.  This FBC, along with 
electric heaters integrated in the unit, allows the DPF 
to actively regenerate, or burn-off, the trapped DPM 
under almost any conditions.  The system contains 
no platinum group metals which allow its operation 
with high sulphur diesel fuels. 

Figure 2 shows of the SMF-AR unit installed in 
the test cell at the Sasol Fuels Application Centre. 

 
Figure 2. SMF-AR diesel particulate filter fitted to the engine 
in a test cell at the Sasol Fuels Application Centre. 
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3.3 Test fuels 

Another objective of these collaborative tests was 
the evaluation of fuels that have the potential to re-
duce DPM emissions.  The base-line case was a 
SANS 342 compliant diesel fuel containing 500 ppm 
sulphur, as this represents currently the most widely 
used fuel in the commercial sector due to cost.  The 
selection of the other fuels in the tests was hypothe-
sised on the assumption that that they would yield 
reductions in diesel particulate matter emission due 
to their inherent properties. 

The full fuel analyses, shown in Appendix A, 
show that all fuels were supplied to specification, 
with two exceptions.  These were the 500 ppm and 
50 ppm diesel fuels which were intentionally blend-
ed up to their respective limits.  These fuels exceed-
ed the SANS 342 sulphur limits slightly, but were 
considered acceptable for the purposes of these tests 
to demonstrate the effect of sulphur on emissions. 

3.3.1 European certification diesel 
Since the test engine would have been certified in 
Europe against the relevant legislation, a diesel fuel 
conforming to the European specification EN590 
was included to ensure the engine was compliant 
prior to the start of testing. (Test fuel name: EN590) 

3.3.2 500 ppm diesel 
This is a crude oil-derived South African diesel con-
taining 500 ppm sulphur (SANS 342 compliant).  
This test fuel was produced at the NATREF refinery 
in Sasolburg.  It was intentionally blended up from 
around 300 ppm to the 500 ppm limit with high sul-
phur diesel for the purposes of this project.  Sulphur 
content in typical market fuels varies quite consider-
ably so the decision was taken to fix the content at 
the upper limit of the SANS342 specification to de-
termine the effect of sulphur on various emissions.  
This test fuel was blended and supplied by Sasol. 
(Test fuel name: 500ppm) 

3.3.3 50 ppm diesel 
This is a crude oil-derived South African diesel con-
taining 50 ppm sulphur (SANS 342 compliant).  The 
base fuels used to arrive at this blend were the Euro-
pean certification diesel and the 500 ppm diesel 
fuels.  Consisting largely of the EN590-compliant 
diesel fuel, this product was blended up to the 50 
ppm limit of the low sulphur diesel grade in South 
Africa.  It is important to note that this fuel will typ-
ically exhibit a lower final boiling point and lower 
aromatic content than SANS 342-compliant diesel 
fuels.  This test fuel was blended and supplied by 
Sasol. (Test fuel name: 50ppm) 

3.3.4 Sasol turbodiesel
TM

 ULS 10 ppm diesel 
This is a fully-synthetic South African diesel fuel 
containing less than 10 ppm sulphur (SANS 342 

compliant).  This test fuel was sourced from a Sasol 
fuel retail site directly outside the Sasol refinery in 
Secunda. (Test fuel name: 10ppm) 

3.3.5 Sasol GTL diesel 
This is a highly-paraffinic synthetic diesel contain-
ing less than 10 ppm sulphur.  This commercially 
available GTL (Gas-to-Liquid) diesel fuel was ob-
tained from the ORYX GTL production facility in 
Qatar, where Sasol is the technology supplier and 
equity partner.  This fuel meets the requirements of 
the EN15940 specification. (Test fuel name: GTL) 

3.3.6 50 ppm diesel with 7% SME biodiesel 
Soy methyl ester (SME) was added to 50 ppm diesel 
base, at a 7% v/v ratio to generate this biodiesel fuel 
mixture.  This blend ratio was guided by the maxi-
mum allowable limit imposed by most engine manu-
facturers. (Test fuel name: SME7) 

3.3.7 50 ppm diesel with 7% PME biodiesel 
Palm oil methyl ester (PME) was added to 50 ppm 
diesel base fuel, at a 7% v/v ratio to generate this bi-
odiesel fuel mixture.  This blend ratio was guided by 
the maximum allowable limit imposed by most en-
gine manufacturers. (Test fuel name: PME7) 

3.4 Laboratory Analytical Equipment 

In addition to the instrumentation used for measur-
ing engine torque and speed, pressures, tempera-
tures, and air flow rates, the following specialised 
instrumentation was employed during the tests: 
 Fuel consumption was measured using a mass 

flow meter employing a Coriolis-mass flow sen-
sor and fuel temperature conditioning (AVL735S 
and AVL753C). 

 All testbed data as well as engine control module 
(ECM) parameters were logged by the test cell 
automation system at a frequency of 10 Hz.  

 Raw exhaust gas was sampled simultaneously be-
fore and after the DPF to measure concentrations 
of NOx (nitrogen oxides), CO (carbon monox-
ide), THC (total hydrocarbons), and CO2 (carbon 
dioxide) using standard raw gas emissions bench-
es (Horiba MEXA Series 7000). 

 Dilute and bag emission measurements were 
made from a CVS (Constant Volume Sampler, 
Horiba CVS7000), using a dilute emissions bench 
(Horiba MEXA series 7000). 

 A double dilution system with a full flow primary 
dilution tunnel, conditioned primary and second-
ary dilution air, and single, heated, 47 mm diame-
ter sample filters was used for particulate sam-
pling. 

 Particulate matter (PM) sample filters were pre-
conditioned in a humidity and temperature con-
trolled room before the pre- and post-test weigh-
ing.  A Mettler Toledo XP2U microbalance 
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(readability of 0.1 µg) was used to weigh each fil-
ter. 

 Pre- and post-DPF speciated emission measure-
ments were made by means of two on-line FTIR 
(Fourier Transform Infra-red) analysers (Peus 
SESAM). 

 Real-time measurements of soot concentration in 
the undiluted exhaust were performed by means 
of a photo-acoustic soot sensor (AVL483 Micro 
Soot Sensor).  Soot measured in this way corre-
sponds to the insoluble or non-volatile portion of 
the particulate matter (primarily elemental car-
bon).  

 Particle number emissions were measured in the 
dilution tunnel with a PMP (Particle Measure-
ment Programme) compliant system that com-
prises an engine exhaust condensation particle 
counter (TSI 3790), and Dekati DEED 300 dilu-
tor. 

 Exhaust samples were also collected directly 
from the exhaust pipe onto a quartz-fibre filter us-
ing a mini dilution tunnel for post analysis using 
the NIOSH 5040 method.  This method deter-
mines the mass of elemental and organic carbon 
captured on the filter using thermal-optical analy-
sis. 

3.5 Test protocol 

All engine tests were performed with the engine ful-
ly warmed up, and, where applicable, emission tests 
were conducted in compliance with EPA emission 
standards for non-road diesel engines (published in 
the US Code of Federal Regulations, Title 40, Part 
89).  The US non-road emission standards are har-
monized to a certain degree with European non-road 
emission standards. 

For Tier 1 to 3, non-road engine emissions are 
measured on a steady-state test cycle that is equiva-
lent to the ISO 8178 C1, 8-mode steady-state test 
cycle.  This cycle is also known as the non-road 
steady cycle (NRSC).  There is an additional re-
quirement for Tier 4 compliant engines to measure 
emissions on the non-road transient cycle (NRTC).  
As the selected test engine complies with Tier 1 
emission standards, only emissions compliance over 
the non-road steady-state test cycle was established. 

As part of the project’s objectives, there was a 
need to measure emissions over a real-world transi-
ent duty cycle for a LHD vehicle.  The test cycle ap-
proximating real-world operation was obtained by 
recording the operation of an LHD at Anglo Plati-
num’s Bathopele mine using a portable data logger 
(VBOX IISX data logger).  The recorded data was 
replicated in the engine test cell using a transient dy-
namometer.  Figure 3 shows the logger mounted on 
the LHD. 

 

 
Figure 3. Data logger mounting position on LHD at Bathopele 
mine in Rustenburg 

 
Some 17 hours of data were recorded over the 

course of one and a half shifts.  In consultation with 
the project members, a representative segment was 
extracted from this dataset and used as the under-
ground mining transient cycle (UMTC).  The ex-
tracted test cycle contained a balanced quantity of 
repetitive idle, loading, hauling, and dumping seg-
ments.  Figure 4 shows the speed and load profiles 
for the selected 24 minute test cycle. 

 

 
Figure 4.  Speed and torque profile of the selected underground 
mining transient cycle 

 
All fuels and DPFs were evaluated by subjecting 

the test engine to the above transient cycle.  This 
generated the primary dataset that was used for 
comparison.  Although the transient cycle represents 
a close approximation of real-world operation, it 
cannot fully guarantee that real-world emissions will 
be reproduced accurately.  Only a direct comparison 
of emissions recorded on vehicles and during engine 
test cell runs may be used to verify accuracy.  The 
legislated non-road steady cycle was also used dur-
ing the evaluations in order to assess the level of 
emissions compliance against the Tier 1 certification 
limits.  Table 2 shows the torque and speed set 
points for this test cycle. 
 

Data logger 
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Table 2.  Non-road steady cycle ________________________________________________ 
Mode Number Speed Load  Torque Weighting Factor        __________________________________  
      Rpm  %   Nm   - ________________________________________________ 
1      2300  100  Max   0.15 
2      2300  75   393   0.15 
3      2300  50   262   0.15 
4      2300  10   52    0.1 
5      1500  100  Max   0.1 
6      1500  75   483   0.1 
7      1500  50   322   0.1 
8      Idle  0   Idle   0.15 ________________________________________________ 

 
The maximum torque values (524 Nm and 

645 Nm for the 2300 rpm and 1500 rpm speeds, re-
spectively) in Table 2 were determined during a 
power curve test using the European certification 
diesel fuel described in section 3.3 above.  These 
set-points were used also for the other test fuel runs.  
The expectation was that the other fuels would pro-
duce varying torque values at maximum load based 
on the fuel’s volumetric energy density. 

3.6 Test sequence 

This project was separated into two phases which al-
lowed a more focused assessment of each option’s 
ability to reduce diesel particulate matter (DPM) 
emissions.  Phase 1 focused on a fuel-only solution 
where no capital investment would be required to 
reduce DPM emissions.  In this phase, no exhaust af-
ter-treatment was used during the engine test runs to 
assess the engine’s emissions in its original Tier 1 
specification.  All seven test fuels detailed in section 
3.3 were evaluated in Phase 1 using a pseudo-
randomised test sequence, shown in Table 3.  Re-
sults presented later in the paper are the average of 
the three tests and error bars indicate the data’s 
standard deviation.  Student’s T-test (95% confi-
dence level) was used to determine whether differ-
ences between the averaged results were statistically 
significant or not. 
 
Table 3. Fuel only evaluation test sequence 

Test block 1 Test block 2 Test block 3 Test block 4 

EN590 EN590 EN590 EN590 

500ppm SME7 GTL 
 

50ppm 10ppm PME7 
 

10ppm PME7 SME7 
 

GTL 500ppm 10ppm 
 

SME7 50ppm 50ppm 
 

PME7 GTL 500ppm 
 

 
It can be seen that EN590 diesel was always test-

ed first in each test block and was used again a 
fourth time.  This was done intentionally to check if 
any drift occurred throughout the test sequence and 
constituted a “bracket test” to ensure the engine was 
performing in the last test at a similar level as the 
first test. 

Phase 2 focused on the evaluation of the perfor-
mance of two retrofitted DPFs and was aimed to 
provide a hardware solution to reduce DPM emis-
sion while using cost-effective and freely available 
market fuels that meet the minimum requirements of 
the DPFs.  The SMF-CRT required a diesel fuel that 
contains less than 50 ppm sulphur and therefore, the 
50 ppm and 10 ppm diesel fuels were used.  The 
SMF-AR was tolerant of high sulphur diesel fuels 
and was thus tested with the 500 ppm, 50 ppm, and 
10 ppm diesel fuels.  Table 4 and Table 5 show the 
test sequences for Phase 2. 

 
Table 4. SMF-CRT evaluation test sequence 

Test block 1 Test block 2 Test block 3 Test block 4 

50ppm 10ppm 50ppm 10ppm 

10ppm 50ppm 10ppm  

 

Table 5.  SMF-AR evaluation test sequence 

Test block 1 Test block 2 Test block 3 Test block 4 

500ppm 50ppm 50ppm 10ppm 

50ppm 10ppm 500ppm  

10ppm 500ppm 10ppm  

 
Due to the limited number of test fuels in each of 

these evaluations, drift was not checked at the start 
of each test block, as in the Phase 1.  However, a 
bracket test on 10 ppm diesel was included, and the 
conventional gravimetric sample filter paper, used to 
sample diesel particulate matter from the full-flow 
dilution tunnel, was replaced with a quartz-fibre fil-
ter in order to measure the ratio of elemental to or-
ganic carbon using the NIOSH 5040 method with 
each DPF technology.  This analysis was also done 
in Phase 1 but the sample was drawn directly from 
the exhaust pipe.  

Each fuel evaluation for Phases 1 and 2 entailed 
testing the fuel, with the engine fully warmed up and 
running, over the non-road steady cycle and the un-
derground mining transient cycle. At each fuel 
change, the fuel system was flushed using the next 
test fuel. Thereafter, a pre-conditioning test was run 
on the engine before starting the evaluation of the 
next test fuel 

4 RESULTS AND DISCUSSION 

4.1 Engine condition and operation 

The Deutz BF 6M 1013 E engine used in this study 
is one of the most prevalent engines in Anglo Plati-
num’s mines.  The specific engine that was used in 
the test cell was originally new, but underwent a se-
vere run-in period at the Deutz Dieselpower work-
shop before being supplied to Sasol for testing.  This 
is an important step to ensure that the engine will not 
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introduce any drift in the emissions results between 
the first and last tests. 

The health of this engine was considered to be 
very good and, as expected therefore, it was found to 
be fully compliant with Tier 1 emission limits.  As 
the engine ages, an increase in the emissions can be 
expected but should, according to the emission re-
quirements for which it is approved, remain compli-
ant for the duration of the engine’s useful life.  Ac-
cording to the US Environmental Protection Agency 
(EPA), the useful life of a non-road engine with a 
power rating above 37 kW is 8000 hours or 10 years, 
whichever occurs first.  

In order to approximate deterioration of engines’ 
combustion efficiency over time and effect of less 
than adequate maintenance, deterioration factors 
(DF) were applied to the emission limits.   For the 
purpose of these tests, the DFs were introduced to 
impact directly on the emitted mass of gases and 
particulates: 

 
DF1: for new engines;     Factor = 1.0; 
DF2: for well-maintained engines at the end of 
their useful life;        Factor = 1.2; 
DF3: For poorly maintained engines at the end of 
their useful life;        Factor =1.5. 
 
It must be noted that DFs are specific to each en-

gine and are to be determined by the engine manu-
facturers in accordance with good engineering prac-
tices.  In the USA, for example, deterioration factors 
are subject to EPA approval.  Typical DFs will not 
exceed 1.2 (20% increase) for older engine technol-
ogy since the absolute emission limits are relatively 
high.  A DF of 1.2 is realistic for a well maintained 
engine at the end of its useful life.  When mainte-
nance is not rigorously carried out in an under-
ground mine, there could be a much larger deteriora-
tion in emissions.  A comprehensive maintenance 
plan based on an engine OEM’s advice, which is 
verified through routine in-field emission condition 
monitoring, is crucial to ensure high underground air 
quality is maintained.  Failure to ensure that the en-
gines are well maintained, will undo any improve-
ment made by retrofitting exhaust after-treatment or 
switching to a low emission diesel fuel. 

4.2 Fuels evaluation 

The seven diesel fuels evaluated during this study 
represented a selection of commercially available as 
well as of a few alternative fuels.  The emission re-
sults showed the extent of possible improvements 
achievable by mines even only by switching fuel 
type for an existing vehicle fleet.  This by no means 
represents the limit of what can be accomplished 
with a “fuel-only solution” as there are other fuel 
formulations that will further reduce emissions.  
However, these formulations are typically not com-

mercially available yet, or will, in addition to a high-
er cost price, introduce significant handling and op-
erational challenges. 

Although reduction of DPM emissions was the 
primary objective in this study, emphasis was also 
placed on limiting emission levels of other pollutants 
and at containing fuel consumption. 

4.2.1 Emissions performance 
As outlined in the experimental setup section, all 
regulated engine emissions (DPM, NOx, CO, THC) 
and speciated emissions (e.g. NO2, NO, SO2, etc.) 
were measured during testing, however due to the 
large quantity of data only DPM, CO, NO2, and SO2 
will be presented below as they specifically pertain 
to the occupational exposure levels that are set to 
govern air quality. 

4.2.1.1 Diesel particulate matter emissions 
The engine’s particulate matter (PM) emissions, 
which were the primary focus in this research work, 
comprise four major portions: (1) carbonaceous par-
ticulates (also known as soot or elemental carbon), 
(2) liquid hydrocarbons that are adsorbed on to the 
carbon particles and are referred to as the organic 
carbon (OC) portion or the soluble organic fraction 
(SOF), (3) sulphates (SO4) and bound water, and (4) 
ash (inorganic material).  

PM emissions measured during the tests are pre-
sented in Figure 5 in relation to the base-line fuel’s 
emission levels. 

 

 
Figure 5. Relative PM emissions for a LHD fitted with a Deutz 
BF6M1013 engine. 

 
The results showed that diesel PM emissions 

were reduced by approximately 10% when switch-
ing from a diesel containing 500 ppm sulphur to ul-
tra-low sulphur diesel (50 ppm, 10 ppm, or EN590 
diesel).  A further reduction of 5% was achieved 
when adding 7% biodiesel (SME or PME) to 50 ppm 
diesel; a similar benefit would have been observed if 
the biodiesel were added to the EN590, 10 ppm, or 
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500 ppm diesel fuels.  The largest reduction was 
recorded when switching to a highly-paraffinic syn-
thetic diesel (GTL diesel), where PM emissions 
were reduced by 28.4% when compared to the 
500 ppm diesel level. 

All fuels produced emissions below the Tier 1 
emission limit.  GTL diesel managed to lower the 
PM emissions to below the Tier 2 and 3 limits. 

Diesel particulate matter analysis (using NIOSH 
5040) for this engine indicated an average elemental 
carbon to total carbon ratio of 0.71 for all fuels, and 
an average elemental carbon to total particulate mat-
ter ratio of 0.60. 

NIOSH 5040 showed reductions in the mass of 
PM that corresponded well with the gravimetric PM 
results presented in Figure 5. 

4.2.1.2 Carbon monoxide emissions 
Carbon monoxide (CO) emissions are formed main-
ly due to incomplete combustion, which is exacer-
bated by lack of oxidants, reduced temperature, and 
shortened residence time.  As combustion proceeds 
to completion, oxidation of CO to CO2 occurs 
through recombination reactions between CO and 
various oxidants.  If these recombination reactions 
are incomplete due to a lack of oxidants or due to 
low gas temperatures, CO will be left without oxida-
tion (Henein and Patterson 1972). 

 
CO emissions are presented in Figure 6. 

 

 
Figure 6. Relative CO emissions for a LHD fitted with a Deutz 
BF6M1013 engine. 

 
CO emission results showed no statistically sig-

nificant difference between fuels.  Furthermore, CO 
emissions from the test engine in this study, for all 
fuels, were substantially below the Tier 1 limit, and 
well under the Tier 4 limit. 

4.2.1.3 Nitrogen dioxide emission 
Nitrogen dioxide (NO2) on its own is not a regulated 
exhaust emission that engine manufacturers are re-
quired to limit; rather NOx is regulated as the sum of 
NO2 and nitric oxide (NO).  NO2 is, however, regu-
lated in restricted ventilation environments by vari-
ous occupational health and safety laws around the 
world.  

 
NO2 emissions are presented in Figure 7. 
 
 

 
Figure 7. Relative NO2 emissions for a LHD fitted with a 
Deutz BF6M1013 engine. 

 
Due to the very low concentration levels, and 

therefore poor repeatability in measuring NO2, there 
were no statistically significant differences between 
fuels.  There was, however, a general increase in 
these emissions from all fuels when compared to 
500 ppm diesel. 

4.2.1.4 Sulphur dioxide emissions 
Similar to NO2 emissions, sulphur dioxide (SO2) 
emissions are also not a regulated engine exhaust 
emission.  SO2 emissions are effectively controlled 
by reductions in the fuel sulphur levels.  At the time 
Tier 1 emissions legislation was promulgated, the 
diesel fuel sulphur levels were between 3000 ppm 
and 5000 ppm; currently in South Africa there are 
two grades of diesel, 500 ppm and 50 ppm. 

 
The effect of lowering fuel sulphur levels from 

500 ppm to less than 10 ppm on SO2 emissions is 
presented in Figure 8. 
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Figure 8. Relative SO2 emissions for a LHD fitted with a Deutz 
BF6M1013 engine. 

 
When lowering fuel sulphur levels from 500 ppm 

to 50 ppm, an 81.4% reduction in SO2 emissions was 
recorded.  Lowering fuel sulphur further to 10 ppm 
effectively halved the SO2 emissions from 50 ppm 
diesel.  The addition of 7% PME or SME (which are 
both sulphur-free fuels) slightly lowered the SO2 
emissions of the 50 ppm.  There were no statistically 
significant changes between the 10 ppm, EN590, 
and GTL diesel fuels, which are all near sulphur-free 
fuels.  The low levels of SO2 that remain when run-
ning an engine on a near sulphur-free diesel are pro-
duced from the combustion of the engine lubricant—
which typically contains sulphurous compounds. 

4.2.2 Fuel formulation and additive optimisation 
This study focused on selection of conventional die-
sel fuels that are commercially available in the mar-
ket.  If the cost of retrofitting exhaust after-treatment 
onto existing vehicle fleets is undesirable, custom-
ised fuel formulations and additive optimisation are 
other avenues available to achieve even greater 
DPM emission reductions.  Some examples are pro-
vided below. 

Commercially supplied combustion improver ad-
ditives that claim to reduce DPM emissions can be 
blended into commercially available diesel (500 
ppm, 50 ppm, 10 ppm diesel).  These additives are 
metal-free, completely organic, and added at very 
low treat rates of less than 300 ppm.  This ensures 
there are no secondary emissions formed after com-
bustion when using them in engines without exhaust 
gas after-treatment. 

Aftermarket combustion improver additives are 
available but are often not metal-free or organic, and 
are treated at significantly higher dosage rates (dos-
age rates should typically not exceed 1000 ppm).  
These products may yield DPM emission reductions, 
but their secondary emissions potential must be as-
sessed.  The combustion of metal-based additives 

would generate ash particles that pose a health risk 
unless captured in a diesel particulate filter.  Any 
additive should be registered with institutions such 
as the United States Environmental Protection 
Agency (EPA).  The EPA requires that all fuels and 
additives are registered under “40 CFR Part 79 - 
Fuel and Fuel Additive Registrations (FFARs)”.  For 
example, the fuel borne catalyst (satacen®1 pro-
duced by Innospec Fuel Specialties) used in con-
junction with the SMF-AR diesel particulate filter, 
which was used in this study, is approved with the 
EPA.  This fuel borne catalyst (FBC) is an organo-
metallic chemical compound that must not be used 
without a wall-flow diesel particulate filter, since the 
FBC generates ash particles that would otherwise 
exit into the atmosphere. 

Water diesel emulsions are very effective at re-
ducing DPM (and NOx) emissions, although some 
emissions such as CO may increase, DPM emission 
reductions up to 70% may be achieved.  Any claims 
regarding improved engine efficiency are likely to 
be untrue.  There are many valid concerns regarding 
their practical application, these include: applica-
tions where high fuel temperatures are experienced 
(as is the case in most modern, high pressure fuel in-
jection systems, or engines with fuel supply rails 
built into the engine block – such as the test engine 
in this study), fuel handling, storage stability, cold 
weather vehicle operability, power loss, and equip-
ment durability.  

Increasing the biodiesel content up to 20% in an 
ultra-low sulphur diesel will further reduce DPM 
emissions.  This option would have to be imple-
mented in consultation with the original equipment 
manufacturer (OEM) of the engine, since most 
OEMs will void warranties when using fuel contain-
ing more than 7% biodiesel.  High biodiesel blends 
can increase the rate of oil dilution, will increase 
volumetric fuel consumption, and increase the like-
lihood of the biodiesel handling challenges that were 
highlighted above. GTL diesel and biodiesel blends 
work very well together, where DPM emission re-
ductions of up to 40% have been measured.  This 
practice negates the need to add lubricity additives 
to neat GTL diesel. 

With all the above mentioned fuel formulations 
and additives, laboratory testing and validation is 
critical.  In-field testing of new fuels or additives is 
highly discouraged due to the difficulty in control-
ling engine load between fuel or additive compari-
sons repeatedly.  Often inaccurate emission analys-
ers are also used which cannot provide a definitive 
answer required to support a business case. 

4.3 Diesel particulate filter evaluation 

The diesel particulate filter (DPF) evaluation phase 
of this study assessed the performance of two sys-
tems supplied by Deutz Dieselpower to reduce DPM 
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emissions, namely the SMF-CRT and SMF-AR die-
sel particulate filters.  The partial-flow SMF-CRT 
has a claimed efficiency of between 30 to 60%, and 
has an integrated diesel oxidation catalyst (DOC) 
which reduces carbon monoxide and unburned hy-
drocarbons.  The wall-flow SMF-AR has a claimed 
filtration efficiency of 99%, and has no integrated 
DOC. 

4.3.1 Emissions performance 
Similar to the fuels evaluation, only DPM, CO, NO2, 
and SO2 will be presented below as they specifically 
pertain to the occupational exposure levels that are 
set to govern air quality.  The following series of 
figures compares the performance of the SMF-CRT 
(shown with a prefix CRT) and SMF-AR (shown 
with a prefix AR) exhaust after-treatment systems 
against an engine without after-treatment using 500 
ppm diesel. 

4.3.1.1 Diesel particulate matter emissions 
Both exhaust after-treatment systems achieved their 
respective design filtration efficiencies during test-
ing; the actual PM emission reductions are shown 
below in Figure 9. 
 

 
Figure 9. Relative PM emissions for a LHD fitted with a 
Deutz BF6M1013 engine with after-treatment fitted. 

 
The SMF-CRT system achieved filtration effi-

ciencies towards the upper bound of its claims in re-
al-world operating conditions; 55.7% filtration effi-
ciency was achieved when operating the engine on 
50 ppm diesel, and 62.2% filtration efficiency for 10 
ppm diesel.  The SMF-AR system also achieved fil-
tration efficiencies around its design claims of 
around 98% with all fuels tested on it. 

4.3.1.2 Carbon monoxide emissions 
CO emissions are presented in Figure 10. 
 

 
Figure 10. Relative CO emissions for a LHD fitted with a 
Deutz BF6M1013 engine with after-treatment fitted. 

 
Due to the diesel oxidation catalyst (DOC) built 

into the SMF-CRT system, reductions in CO and 
THC emissions were achieved.  A reduction of 
82.5% was achieved with 50 ppm diesel compared 
to the base 500 ppm diesel case. 10 ppm diesel fur-
ther reduced CO emissions to 85.5% below the 500 
ppm base case.  This represents a 17.1% reduction 
from the 50 ppm diesel result. 

Due to the lack of any DOC function in the SMF-
AR, this system did not reduce CO emissions but ra-
ther increased them by approximately 20%.  It is not 
fully understood why this occurred, but these higher 
levels of incomplete combustion could be related the 
increased exhaust backpressure created by the SMF-
AR; the SMF-CRT also raised CO emissions before 
the after-treatment, when compared to operating the 
engine without after-treatment, but were then sub-
stantially reduced over the integrated diesel oxida-
tion catalyst - which the SMF-AR did not have. 

4.3.1.3 Nitrogen dioxide emissions 
NO2 emissions are presented in Figure 11. 

The DOC built into the SMF-CRT increased oxi-
dation rates of nitric oxide (NO) resulting in a large 
NO2 emission increase was seen compared to 500 
ppm diesel levels.  This NO2 emission increase 
would be similar to one observed in a vehicle fitted 
only with a DOC, such as is common practice in 
most underground mines. 

The SMF-AR did, however, decrease NO2 emis-
sions by 99% from levels seen without the SMF-AR 
fitted. 
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Figure 11. Relative NO2 emissions for a LHD fitted with a 
Deutz BF6M1013 engine with after-treatment fitted. 

 

4.3.1.4 Sulphur dioxide emissions 
SO2 emissions are presented in Figure 12 below. 

 
Figure 12. Relative SO2 emissions for a LHD fitted with a 
Deutz BF6M1013 engine with after-treatment fitted. 

 
SO2 emissions are purely a function of the sul-

phur content in the fuel and engine lubricant.  As a 
result, the SO2 emissions with the SMF-CRT were 
similar to an engine without after-treatment, albeit a 
little lower.  

Similarly, the SMF-AR could not affect these 
emissions in any way.  Only when switching from 
500 ppm diesel to 10 ppm diesel, was a 90% de-
crease in SO2 emissions recorded. 

4.4 Predicted underground mine air quality 

In the preceding two sections, several routes to low-
ering underground emissions were presented; be it a 
fuel-only solution, or a more capital intensive hard-
ware retrofit solution.  It can quickly become a com-
plex decision when deciding which pollutant is a 

higher priority, while along the way needing to bal-
ance the chosen path against fuel consumption pen-
alties.  In order to add some context to the raw ex-
haust emission results presented above, an exercise 
was carried out where the experimental data were 
translated into a mass of pollutant emitted under-
ground by one LHD over the course of the operating 
cycle.  

The data-sets were used to calculate fresh air vol-
umetric flow-rates that would be able to dilute the 
measured emissions for the different configurations 
to levels below the occupational exposure levels 
(OEL) being currently considered by the Department 
of Mineral Resources for South African mining op-
erations.  The goal was to determine levels of com-
pliance for all pollutant OELs, and understand what 
roadmap could be set up to achieve the impending 
diesel particulate matter OEL that is set to be pro-
gressively reduced over a three year period in South 
Africa. 

4.4.1 LHD emissions per shift 
For the purpose of these studies, it was decided to 
focus on the following pollutants: DPM, CO, NO2, 
and SO2.  The engine emission results (in g/kWh) 
from the 24 minute underground transient test were 
multiplied by the test cycle work (in kWh), and then 
divided by 24 to obtain mass of emission per minute 
of operation.  

At this point it is appropriate to distinguish be-
tween exposure limits set for deterministic effects, 
typical of pollutants such as the three gases consid-
ered where the effect is based on a well-established 
response model, and stochastic effects, typical of 
carcinogenic substances such as particulates in the 
engine exhaust cocktail, where dose-and-effect rela-
tionships are not clear and where exposures should 
be kept “as low as reasonably possible or achieva-
ble” (ALARP or ALARA principles). 

The distinction between the two effects is funda-
mental in establishing minimum ventilation rates.  
Emission values obtained from the 24 minute under-
ground transient test were adapted to reflect the op-
erational period assumed typical of the LHD vehicle, 
namely 4 hours and seven minutes, as determined 
from recorded vehicle data, over a nominal eight 
hour shift.  Exposure of workers to gases, response 
to which is deterministic, would allow excursions 
above the respective OEL, but below the short term 
exposure limit or STEL, so that over an eight hour 
period the OEL is not exceeded.  However, since 
“diesel emissions” are deemed to be carcinogenic, 
this assumption is not valid and the interpretation is 
that exposures must be below the exposure limit at 
all times.  In actual fact, good practice requires the 
application of the ALARP principle to ensure that 
exposure to carcinogens is below such limits.  
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4.4.2 Fresh air dilution factors 
In order to provide guidance as to the required min-
imum ventilation dilution rates based on these re-
sults, the recorded gas and particulate emissions 
were normalised to average air flow rates based on 
the respective OELs while considering the qualifica-
tion indicated above.  

For gaseous emissions, dilution rates are invaria-
ble very low and reflect the properties of the fuels 
and of the exhaust after-treatment systems used.  
Figure 13 depicts the indicated fresh air dilution 
quantities applicable to the test results to meet the 
OEL for Carbon Monoxide (35mg/m

3
). 

Figure 13 indicates the impact of increased ex-
haust backpressure induced by the use of the active 
regeneration (AR) DPF requiring additional dilution. 
The catalytic oxidation effect of the continuous re-
generating trap unit (CRT) on the carbon monoxide 
is also evident from the reduced dilution require-
ments. 

 

 
Figure 13: Fresh air dilution factors for emitted Carbon Mon-

oxide 
 

Figure 14 summarises the fresh air dilution re-
quirements based on the sulphur dioxide emissions 
to meet the OEL (5mg/m

3
). 

 

 
Figure 14: Fresh air dilution factors for emitted Carbon Mon-

oxide 
 

The results indicated in Figure 14 show clearly 
the effect that the introduction low sulphur fuel has 
in reducing fresh air requirements. 

Figure 15 indicates the required dilution rates to 
reduce emitted levels of nitrogen dioxide to below 
the OEL (5mg/m

3
). 

 
Figure 15: Fresh air dilution factors for emitted Nitrogen Diox-

ide 
 
In deciding air-flow requirements as guided by 

Figures 13, 14 and 15 one would have to consider 
the type of fuel utilized, the condition of the engine 
as well as the type of exhaust after-treatment system 
employed, if any, and then select the highest flow-
rate.  The re-use of air used to dilute engines’ ex-
haust streams requires careful consideration as to the 
gases contained, temperature and humidity of the air 
for any further use, dilution or mixing down-stream. 

A similar analysis was made for the particulate 
matter emissions.  The total measured particulate 
matter (TPM) measured over one shift was convert-
ed to a total carbon fraction for each of the test sets.  
These results were converted to mass emissions per 
unit time and compared to the anticipated OEL of 
160g/m

3
TC to verify the validity of using the “ac-

cepted” design dilution factor of 0.06m
3
/s/kW of 

nominal power at the point of application.   
Figure 16 shows the derived fresh air dilution 

flow-rates.  Figure 17 shows the same results nor-
malised for the rated power of the test engine, 
137kW, in order to yield results comparable to the 
above design dilution factor (indicated by a purple 
line). 

In all cases, it is significant to note the impact that 
engine age and poor maintenance may have on the 
quality of the exhaust stream and the impact these 
factors would have on fresh air demand and related 
ventilation system capital and operational costs. 

These results also show the benefit of using par-
ticulate filters in reducing the required fresh air dilu-
tion quantities.  Of concern in these findings is the 
apparent inadequacy of using a dilution factor of 
0.06m

3
/s/kW of nominal power at the point of appli-

cation without due consideration of the vehicle, fuel 
and exhaust after-treatment provided.  This might af-
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fect the ability of older diesel engine technology and 
fuels to meet the proposed DPM OEL. 

 
Figure 16: Fresh air dilution factors for emitted TPM 

 

 
Figure 17: Normalised fresh air dilution factors for emitted 
TPM 

 
In summary, dilution factors presented in this sec-

tion show that for the Tier 1 engine tested, based on 
the specific operational cycle simulated and fuels 
used, adequate gas dilution may be achieved reason-
ably easily, particularly where cleaner burning fuels 
are used.  However, results also show that the design 
dilution rate traditionally applied to diesel equip-
ment is insufficient to ensure adherence to the pro-
posed particulate matter OEL under these condi-
tions. 

 
These results further indicate that: 
 The use of low sulphur fuels promotes cleaner 

exhaust both in terms of gases and particulates. 
 The use of low sulphur fuels allows the use of 

catalysts in exhaust after-treatment systems 
that in turn reduce exhaust gas concentration.  

 The concentration of emissions from an engine 
without a particulate filter requires high levels 
of fresh air dilution and precludes the re-use of 
air. 

 The introduction of particulate filtration sys-
tems is essential in meeting the proposed DPM 
OELs. 

 Engine deterioration, due to age and poor 
maintenance, impact significantly on the ap-
plicable fresh air dilution rates. 

 Re-use of air between sections may only be 
possible if adequate fresh air dilution is ap-
plied – best results being achieved by the use 
of low sulphur fuels and adequate exhaust fil-
tration. 

 Although gas emissions require low fresh air 
dilution rates, the continual operation of 
equipment in main intakes may result in higher 
gas and particulate contamination at section 
entries that would have to be accounted in en-
suring adequate air quality in the section. 

 
Although the dilution factors indicated in Figures 

16 and 17 are deemed to be achievable using appro-
priate particulate filtration, it must be remembered 
that, apart from the capital and operational cost of 
introducing such technology, the retrofitting of CRT 
and AR or equivalent particulate filters in existing 
equipment, specifically in the extra low profile 
(XLP) vehicles used in narrow reef mines may not 
be practically possible.  A different solution may be 
necessary to ensure that such existing equipment 
will comply with proposed diesel exhaust particulate 
OELs. 

It must be clear that these results are indicative 
and applicable to the type of engine and loading cy-
cle used in the bench tests.  Different engine tech-
nology or different loading cycles are likely to yield 
different results and demands on the mine’s ventila-
tion system. 

In addition, the application of very low fresh air 
dilution rates where diesel equipment is operated in 
practice, has to be managed in view of the resulting 
dry-bulb and wet-bulb temperatures and need to re-
use such air further in the mine. 

This indicates the need for careful and consistent 
assessment of diesel fleet performance based on reg-
ular, repeatable and representative tests performed 
on site.  Possible consideration should be made in 
the use of emission based maintenance routines that 
may be used to “fingerprint” emissions from each 
vehicle over time and the data used to improve the 
effectiveness of selected ventilation strategies and 
assigned dilution quantities. 

5 CONCLUSIONS 

After evaluating the effectiveness of seven fuels and 
two retrofitted diesel particulate filters to reduce die-
sel particulate matter emissions in a Tier 1 certified 
Deutz BF6M1013 engine that operates in an under-
ground mine, the following conclusions can be 
drawn:  
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The fuel evaluations revealed that switching a 
mine from 500 ppm diesel to an ultra-low sulphur 
diesel (50 ppm or 10 ppm) reduced particulate mat-
ter emissions by approximately 10%.  Adding 7% 
biodiesel (SME or PME) to ultra-low sulphur diesel 
reduced particulate matter emissions by a further 
5%.  GTL diesel offered the biggest DPM reduction 
of 28.4% from 500 ppm diesel levels. 

 
GTL diesel upgraded the emission rating of the 

engine from Tier 1 to a partial Tier 3 rating (exclud-
ing nitrogen oxides emissions, which remained at 
Tier 1 despite a 17.9% reduction).  

 
Lowering fuel sulphur from 500 ppm to 50 ppm 

reduced SO2 emissions by 81.4%.  Lowering fuel 
sulphur further down to 10 ppm, or less, effectively 
halved the SO2 emissions of the 50 ppm diesel. 

 
The exhaust after-treatment evaluation showed 

that the partial-flow SMF-CRT, when tested with 
50 ppm diesel, achieved a particulate matter emis-
sions reduction of 55.7% from the 500 ppm diesel 
base case (no after-treatment).  10 ppm diesel further 
reduced particulate matter emissions to 62.2% below 
the 500 ppm diesel base case; this represented a 
14.7% reduction from the 50 ppm result.  The SMF-
CRT reduced carbon monoxide emissions by over 
85%, but significantly increased nitrogen dioxide 
emissions. 

 
The SMF-CRT upgraded the emission rating of 

the engine from Tier 1 to a partial Tier 3 rating (ex-
cluding nitrogen oxides emissions, which remained 
at Tier 1 despite around a 10% reduction). 

 
The wall-flow SMF-AR reduced DPM emissions 

for all fuels (500 ppm, 50 ppm, and 10 ppm) by 
more than 98% from the 500 ppm diesel base case 
(no after-treatment).  This system increased carbon 
monoxide emissions for all fuels (500 ppm, 50 ppm, 
and 10 ppm) by approximately 20% from the 500 
ppm base case.  NO2 emissions were effectively 
eliminated—not NO emissions—with all fuels test-
ed, when compared to operating the engine without 
after-treatment on 500 ppm diesel.  

 
The SMF-AR upgraded the emission rating of the 

engine from Tier 1 to a partial Tier 4 rating (exclud-
ing nitrogen oxides emissions, which remained at 
Tier 1). 

 
The use of low sulphur fuels and particulate fil-

ters in the exhaust train will enable the use of a low-
er specification diesel engine in mines without the 
introduction of excessively high air quantities.  The 
ability of adapting existing equipment and up-
skilling technical personnel in the installation, use 

and maintenance of such equipment is key in achiev-
ing these results. 

 
Considerable reductions in air quantities for sec-

tions where diesel-powered equipment is operated 
are dependent on the ability to limit pollutant levels 
as well as air temperature and humidity in the reject 
air stream – particularly where these are to be re-
used elsewhere in the mine. 

6 RECOMMENDATIONS 

Based on the findings in this report, the following 
are recommended: 

 
Currently available ultra-low sulphur diesel 

should be considered to immediately and significant-
ly reduce emissions in underground mines that are 
currently being supplied with 500 ppm diesel.  This 
can be further improved in conjunction with retrofit-
ted after-treatment technologies. 

 
Customised fuel formulations that contain bio-

diesel and/or GTL diesel are avenues available to 
achieve even greater diesel particulate matter emis-
sion reductions, however commercial supply of large 
volumes is limited with these fuels, and fuel han-
dling or blending requirements become onerous.  It 
is recommended that a limited follow-up study is 
executed, where organic, metal-free combustion im-
prover additives (original commercial additives on-
ly) are added to a commercially available fuel (50 
ppm or 10 ppm diesel) to assess the potential of this 
technology.  The optimised fuel could be delivered 
to underground mining customers with the additive 
package pre-blended. 

 
The SMF-CRT represents a relatively low-cost, 

compact, bolt-on solution which offers significant 
diesel particulate matter, carbon monoxide, and total 
unburned hydrocarbons reductions.  It is recom-
mended to evaluate its performance in the test cell 
using an 8 hour shift simulation to verify if the ex-
haust temperatures are indeed high enough to sustain 
continuous soot oxidation on the filter material, and 
therefore prevent filter blockage.  Service life endur-
ance tests could also be considered. 

 
Assess a passively regenerating DPF system that 

does not increase NO2 above engine-out levels (such 
as a CRT combined with a NO2 decomposition cata-
lyst). 

 
Consider the introduction of regular and con-

sistent site-based engine emission testing to charac-
terise the performance of and emission from all ve-
hicles.  This data may be used to assess the 
effectiveness of maintenance procedures and to op-
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timise the allocation of fresh air while ensuring ade-
quate air quality of all operational sites. 
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