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ABSTRACT 

 
This work forms part of a study being conducted into the feasibility 

of constructing a prototype Load Haul Dump (LHD) vehicle for 
operation in underground Canadian mines. A series of in-laboratory 
assessments were performed to determine the relative contributions of 
a Deutz F4L912W (54 HP- conventional vehicle engine) and a Deutz 
F2L 2011 (31 HP hybrid vehicle engine) to diesel emissions 
concentration during   mine transient duty cycles and steady-state 
operating modes respectively. Results indicate significant reductions in 
the quantity of gaseous and particulate emissions with the application 
of the hybrid system and a high-efficiency ceramic element filter. This 
paper describes the engine test protocols and the results of this 
laboratory study. 
 

DIESEL-ELECTRIC HYBRID VEHICLES 
 

Diesel-electric hybrid vehicles are not a new concept. In fact, on-
highway and urban applications of hybrid technology have been 
around for a long time (1).  There are two main types of hybrid 
vehicles, series and parallel applications.  These are shown 
schematically in Figure 1. 

 
 
 
 
 

Series Hybrid System 
 
 
 
 
 
 
 
 
 

Parallel Hybrid system 
 
Figure 1. Series and Parallel Hybrid Configurations (1) 
 

In the case of the hybrid LHD tested, the series approach was 
retained. The rationale and specifications for the development of a 
hybrid LHD has been reported (2). 

 
In the test protocols described below, the emissions from a 

conventional light-duty LHD powered by a 54HP engine will be 
compared to those from a diesel-electric hybrid powered by a 31HP 
engine.  It is expected that the hybrid design will produce lower 
exhaust contaminant concentrations because the smaller engine is 
expected to operate in a steady-state mode and also because it may 
often be turned off in periods of low energy demand. Finally, steady-
state operation should allow for the successful application of diesel 
particulate filter (DPF) technology and regular, controlled regeneration 
of this DPF is in theory assured. 
 

DIESEL ENGINES AND DPF DESCRIPTION 
 
 Simulations (2) performed prior to the laboratory testing  indicated 
that a Deutz F2L2011, 31HP diesel engine, could provide engine speeds 
and loads that would be adequate for the hybrid LHD.  The engine has a 
displacement of 1.554 litres and is a naturally aspirated, mechanical 
engine. This small engine would be used to keep lead-acid batteries 
charged, which in turn would be used to power an electric motor that 
would provide the vehicle with the energy required to perform all of the 
tasks associated with production.  This design would replace a 
conventional diesel vehicle powered by a 54 HP Deutz, F4L912W engine.  
As with the smaller engine, this one is a mechanically controlled, naturally 
aspirated engine with a displacement of 4.086 litres.  These were the two 
engines used for the simulated laboratory tests. 
 
 CANMET-MMSL also tested appropriate diesel particulate filter 
(DPF) technologies for both engines using the MAPTEST  protocol (3). 
These DPFs were supplied by  Engine Control Systems. The  
CATTRAPTM, CT13 model was sized for use with the larger engine while  
the  CATTRAPTM, CT6 model was sized for use with the  smaller engine.  
The DPFs have a requirement for exhaust regeneration temperature in 
the range of 716 ºF to 788 ºF  (380 ºC to 420 ºC), and eliminate up to 90% 
of particulate matter on a mass basis.  These do not significantly affect 
NO2 emissions (4). The laboratory tests selected will examine the exhaust 
temperature profile for the hybrid and the conventional application in order 
to determine whether or not the DPFs are likely to regenerate routinely 
through a regular work shift. 
    

TEST PROCEDURE DESCRIPTION 
 

Tests were conducted on a diesel engine dynamometer  to 
determine engine exhaus emissions under controlled conditions. The test 
results will determine whether the anticipated  decreases in contaminant 
concentration and fuel savings are realistically achievable. 

 
 Three types of general test procedures and duty cycles  were 
developed, one for the conventional LHD application, one for the hybrid 
vehicle, and finally, an additional series of tests designed to evaluate the 
impact of cold starts on the hybrid vehicle. Since the hybrid vehicle will be 
expected to start and stop through the shift depending on the workload or 
the level of charge of the battery, these tests were designed to evaluate 
the impact  of cold starts on emissions.  This will help determine whether 
or not it is better to shut off the hybrid diesel or to let it idle in periods of 
low power demand. 
 

THE CONVENTIONAL LHD DUTY-CYCLE FOR EMISSION 
TESTING 

 
The CANMET-MMSL diesel-test facility is equipped to conduct 

computer controlled, transient cycle assessment of emissions from 
both electronic and mechanically controlled diesel engines.  
Nonetheless, realistic in-mine duty cycle field data (torque and RPM) 
as a function of time is required in order to program the laboratory 
dynamometer control software. 
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 In order to do this, field data from the Diesel Emissions 
Evaluation Program’s (DEEP) Light-Duty Vehicle project was used (5).  
These data were acquired at Falconbridge’s Kidd Mining Division in 
Timmins. As shown in Figure 2, the engine’s Electronic Control Module 
(ECM) was logged on a continuous basis and its data used to 
characterize several types of full mucking duty cycles on level ground 
and on inclined ramps. 

 

 
Figure 2.  Field Acquision of Mine Duty Cycle Data. 
 
 Engine torque and speed data was collected from 4 heavy-duty 
LHD vehicles during normal underground mining duty cycles.  These 
data were collected at 1 second intervals and were then transposed 
and normalized to the rated power of the Deutz F4L912W, 54HP 
engine. 
 

From these duty cycles, the normalized speed and load data were 
programmed into the laboratory Schenck-Pegasus DC 6000 
dynamometer controller using Dynocat control software. This allowed 
the evaluation of the conventional vehicle engine using transient 
conditions of load and speed that are very similar to the 4 heavy-duty 
LHD vehicles in the field.  A sample duty cycle (Cycle B) is shown in 
Figure 3.  In cycle B, engine speed and torque varies as a function of 
time depending on the work performed (tramming, loading of the 
bucket, etc.). 

 

 
Figure 3. Duty Cycle B for Conventional LHD Mucking on the 
Level 
 

Cycle B and three more duty cycles originating from the Light-
Duty Vehicle study were selected for testing: 

 
• Cycle B - Light load LHD cycle, short cycle time on level ground 

(~13HP avg.),  
• Cycle C - Medium load LHD cycle, short cycle time on level 

ground (~21 HP avg.) 
• Cycle D - Medium load LHD cycle, short cycle time, on inclined 

ground, ramp operation (~20 HP avg.) 

• Cycle E - Light (clean-up) load LHD cycle, short cycle time on 
level ground (~7 HP avg.) 

 
These four duty cycles served as the basis for developing the 

overall transient test methodology and implementing a test program for 
the characterization of the emissions from the 54HP conventional LHD 
application. In this study, the actual horsepower developed by the 
engine was 49HP, a 9.5 % reduction, perhaps due to the difference in 
diesel fuel and to the fact that the engine is new.   
 

DEFINING THE HYBRID LHD WORKING REGIME 
FOR EMISSION TESTING 

 
  The diesel engine on a hybrid vehicle is used to charge the 
battery bank that powers the electric motor.  In theory, the diesel 
engine in such an application is either working at a set point (steady-
state of load and speed) or is shut-off. Thus, the emission tests for the 
hybrid vehicle are performed using steady-state test runs at various 
loads and speeds.  Test methodology and equipment to conduct these 
steady-state test points were selected according to the ISO 8178-C1 
Standard (6), the CSA Standard (7) and/or the MAPTEST protocol (3).  
For these steady-state cycles as well as for the transient tests 
described in the previous section, exhaust temperature was recorded 
continuously in order to determine the feasibility of application of a 
CATTRAP™ diesel particulate filter (DPF) for suitable regeneration. 
 

THE EFFECT OF COLD STARTS ON THE  HYBRID VEHICLE 
EMISSIONS 

 
Simulation exercises revealed that depending on the hybrid power 

requirements, short duration charge cycles were possible, e.g. every 5 
minutes. However, there are possible implications on the quality of 
diesel emissions produced from an engine cold start condition and the 
possible impact on the DPF, such as excessive hydrocarbon 
emissions. The options available here are to let the engine idle or to 
turn it off between 5 minute charging cycles. 

 
A test protocol was devised to determine the effect on the quality 

of emissions and the exhaust temperature profile of operating at full 
load and turning the engine off versus operating at full load and going 
to letting the engine idle.  In order to address short duration duty cycle 
concerns, the two tests scenarios were developed using only the 
hybrid engine (31HP Deutz) with the DPF.  Emission measurements 
and engine parameters were monitored on a real-time basis 
throughout. 

 
In the first test scenario (Cold Start - Idling) the engine was run 

from a cold start position to full load at 2000 RPM in a continuous 
sequence of four, 5 minute charge cycles separated by  5 minute idle 
intervals. 

 In the second test scenario (Cold Start - Off) the engine was 
run from a cold start position to full load at 2000 RPM speed in a 
continuous sequence of four, 5-minute charge cycles separated by  5-
minute engine off intervals. 
 

TEST PLAN SUMMARY 
 

Table 1 presents a summary of the test plan for the hybrid and the 
conventional LHD tests points described in this section. 
 

TEST EQUIPMENT AND INSTRUMENTATION 
 

The CANMET-MMSL diesel testing facility is equipped to conduct 
a full array of transient and steady state testing of diesel engines. 

 
The major pieces of equipment used to conduct this testing 

include a Schenck-Pagasus AC dynamometer, a Dynocat test cell 
automation system, a California Analytical Computer Controlled Raw 
Exhaust Emissions System (gas cart), a Sierra Inc. BG-3 micro dilution 
DPM sampling system and a Dieselcom data acquisition system. 
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Table 1. Hybrid and Conventional LHD Test Plan Summary. 
LHD Test Plan Summary 

Test 
type 

Engine Baseline 
emissions 

No. of 
base-

line test 
points 

CATTRAP 
emissions 

No. of 
CATTRAP 
test points 

CSA 
Standard 

Deutz 
F2L2011 Yes 23 Yes 13 

MAP-
TEST 

Protocol 

Deutz 
F2L2011 Yes 

 

8 
Yes 8 

Cold start 
– Idling 

Deutz 
F2L2011 Yes 8 Yes 8 

Cold start 
– OFF 

Deutz 
F2L2011 Yes 4 Yes 4 

CSA 
Standard 

Deutz 
F4L912W Yes 22 No N/A 

MAP-
TEST 

Protocol 

Deutz 
F4L912W Yes 8 Yes 8 

Transient 
Duty 

Cycle B 

Deutz 
F4L912W Yes 4 Yes 4 

Transient 
Duty 

Cycle C 

Deutz 
F4L912W Yes 4 Yes 4 

Transient 
Duty 

Cycle D 

Deutz 
F4L912W Yes 6 Yes 6 

Transient 
Duty 

Cycle E 

Deutz 
F4L912W Yes 4 Yes 4 

Total number of test points 91  59 

 
The Schenck-Pegasus AC dynamometer and the Dynocat test 

cell automation system controller are designed to provide a wide range 
of diesel engine torque and speed control. The dynamometer is rated 
at a 625 HP (466 kW) absorbing mode with a base and a top speed of 
1750 and 4200 rpm, respectively.  Dynocat, is a Test Cell Automation 
system consisting of a digital controller, a fibre  optic connection to a 
computer for controlling the engine test stands and the power train test 
rigs. 

For testing, the diesel engine is coupled to the dynamometer 
using a Kusel torsional coupling that is used to arrest torsional 
vibration.  

 
The California Analytical Computer Controlled Raw Exhaust 

Emissions System is a self-contained emissions monitoring system. 
This allows direct measurement of carbon monoxide, carbon dioxide, 
oxygen, total hydrocarbons, sulfur dioxide and oxides of nitrogen using 
proven research grade gas analyzers. The system also contains a 
heated oven with a heated sample pump and sample line controllers. 
The software provides complete control of the standard emissions 
tests, including all calibration routines. 

 
 The model BG-2 TDAC (Transient Dilution Airflow Control) 
system is a partial flow sampling system (PFSS) that provides 
particulate matter (PM) sampling for transient and steady state engine 
test conditions. 
  

 Dieselcom is a custom designed computer program written in 
C++.  It is specifically created to display and log measurements for 
diesel emissions testing. The primary purpose of Dieselcom is to 

enable the operator to monitor and log steady state and transient 
sensor data from diesel emission testing.  The Dieselcom data 
acquisition system has been integrated with the California Analytical 
Computer Controlled Raw Exhaust Emissions System to provide data 
acquisition of all gas measurements, test cell thermocouple 
temperature, sensor pressure, speed, torque, fuel and humidity 
measurements. 
 

TEST RESULTS AND DISCUSSION 
 

Emission Comparison Conventional vs Hybrid LHD 
This section contains the diesel emission results from the 

transient tests (conventional LHD) and the steady-state tests (hybrid 
LHD).  In order to compare both approaches, the exhaust quality 
profile is determined using the Exhaust Quality Index (EQI), shown in 
Equation 1(7).  
 
 Eq. 1  
 
 
 
 
Equation 1. Exhaust Quality Index 

 
In this equation, RCD is defined as the total diesel particulate 

matter in the raw exhaust (mg/m3). This index contains the main 
regulated gaseous and particulate components of diesel exhaust. Raw 
exhaust concentrations of gases in parts per million and particulate 
concentrations in mg/m3 are used in the equation to obtain the EQI.  
The EQI is then used to calculate the amount of fresh air in cubic feet 
per minute (CFM)  required to dilute the contaminants to safe levels.  
 
Conventional LHD Emissions 

Ventilation rates, calculated using the EQI expression, are shown 
in Table 2 for the conventional LHD transient cycles for the Deutz 
F4L912W, 54HP engine. 
 
Table 2. EQI Based Ventilation Rates for the Conventional LHD 
Transient Cycles for the Deutz F4L912W Engine 

Test  type Average HP 
Percentage of 

available Power % 
Ventilation 

volume (CFM) 

CSA 
certification 

--- ---- 5000 

Transient 
cycle D 

19.5 40% 3000 

Transient 
cycle C 

21.2 44% 2800 

Transient 
cycle E 

6.6 14% 2200 

Transient 
cycle B 

13.1 27% 1900 

 
Results show that for the transient cycles B to D, ventilation 

volumes vary between 1900 CFM and 3000 CFM respectively.  It is 
worth noting as well, that the average power for the transient cycles 
varies between 6.6 HP and 21.2 HP.  The engine is sized at 54 HP 
because of the need to perform the high power demand work in parts 
of the duty cycle.  On average, much less power is needed which 
supports the case for a hybrid LHD. 

 
Also shown in Table 2, is the CSA certification ventilation of 5000 

CFM for completeness.  This value is based on the worst case 

 

2 3 
2 . 1 

2 3 
5 . 1 

2 25 50 

22 

⎭ 
⎬ 
⎫ 

⎩ 
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⎫ 

⎩ 
⎨ 
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scenario steady state operating mode point rather than the average 
value as done for the transient cycles. 
 
Hybrid LHD Emissions 

EQI based ventilation rates for the hybrid vehicle engine (Deutz 
F2L2011) operating at various steady-state test modes are shown in 
Table 3. 
 
Table 3.  Ventilation Rates Needed for the Safe Dilution of 
Emissions for the Hybrid LHD Steady State Cycles (Asterisks 
Denote Cycles where Exhaust Temperatures would have 
Supported DPF Regeneration). 

Cycle type 

(RPM @ %Load) 

Ventilation 
requirement 

(CFM) - No DPF 

Ventilation 
requirement 

(CFM) - With DPF 

1700 @ 50% 1500 - 

1700 @ 75% 1500 - 

1700 @ 100% 2400 1200* 

2000 @ 75% 1500 - 

2000 @ 100% 1600 1000** 

2200 @ 100% 1700 1100* 

2400 @ 100% 2100 1200* 

2600 @ 100% 2400 1500* 

2800 @ 10% 1800 - 

2800 @ 50% 1800 - 

2800 @ 75% 1600 - 

2800 @ 100% 1800 1200* 

* The value of 1000 CFM at 2000 rpm/full load for the hybrid 
engine is two to three time lower than the four transient tests evaluated 
for the conventional LHD.  Alternatively, this means that the total 
average exhaust toxicity represented by the exhaust quality index 
(EQI) for the hybrid vehicle could be as little as one third of that of the 
conventional vehicle. 
 

Figure 4 shows the 54HP engine mounted on the test bench 
along with the CATTRAPTM DPF. 
 

 
Figure 4. Conventional LHD  Engine - Deutz F4L912W with DPF in 
CANMET-MMSL Test Cell 
 
Other Benefits from the Use of a Hybrid LHD – Engine Off Periods 
   Data discussed to date show some significant potential reduction 
in the level of emissions using a hybrid design.  This is based on 
simulated work cycles running continuously on the test bench.  
Simulation exercises performed by (2) show that the hybrid design 

could be turned off for significant portions of a regular work shift if the 
duty cycle is light at times and batteries alone can sustain the 
production activity. 
   

Speed and load data from duty cycles B, C, D and E were 
processed by the hybrid simulator software package.  This enabled the 
ON and OFF periods for the hybrid diesel engine, operating at 2000 
rpm, 100% load to be determined.  Using the ON and OFF time 
periods (hours), the average emission rates and fuel consumption rate, 
it was possible to determine the total hybrid emissions and fuel 
consumption on a per shift basis. 

 
Similarly, the ON and OFF time periods (hours), the average 

emission rates and fuel consumption rate were used to determine 
emissions and fuel consumption of the conventional vehicle on a  per 
shift basis.  A comparison of the Deutz F4L912W and F2L2011 total 
shift quantities had allowed for the determination of the percent 
reductions emissions and fuel consumption on a per shift basis.  The 
results of these modeling exercises and the determination of the total 
shift emission and fuel quantities are given in Appendix A as reported 
in (8).  Table 4 shows the theoretical ON-OFF times comparison for the 
hybrid and conventional LHDs. 

 
Table 4. Theoretical ON-OFF Times Comparison for the Hybrid 
and the Conventional LHDs, and  % Reduction Operating Time. 
 

Cycle 

Theoretical 
Time ON/OFF 

Hybrid LHD 

(hours) 

Time ON/OFF 
Conventional 

LHD 

(hours) 

% 
ReductionOp
erating Time 

Duty Cycle C 5.73/1.58 6.52/0.79 12% 

Duty Cycle D 5.19/2.19 6.59/0.79 21% 

Duty Cycle B 3.61/3.68 6.52/0.77 45% 

Duty Cycle E 1.74/5.64 6.53/0.85 73% 

 
   Depending on which transient duty cycle is used, the hybrid 
vehicle could be turned off completely for periods of time ranging 
between  12% to 45% of the work shift, if cycle E is excluded.  Cycle E 
contains significant periods of down-ramp activity, which favour 
regenerative braking.  For this reason OFF time estimation for duty 
cycle E should be viewed as uncertain at this point. 
 

These periods of time when the hybrid diesel engine is not 
working would contribute to improvements to the underground mine 
environment beyond and above what has been demonstrated in the 
previous sections.  One additional aspect of the impact of this 
technology comes to light with the ability to operate for extended 
periods of time in electric mode only.  This would allow the operator to 
perform short duration light-duty work in headings with minimal 
amounts of ventilation (supply transportation, personnel carrier, etc.). 

 
In addition, data show some significant benefits from the point of 

green house gas production from an environmental impact 
perspective.  Concentration of CO2, could be reduced by anywhere 
from 19% to 36%. 
 

APPLICATION OF DIESEL PARTICULATE FILTER (DPF) 
TECHNOLOGY 

 
Impact of DPF Technology 

 In order to demonstrate the Diesel Particulate Filter (DPF) base 
metal (uncatalyzed technology) it is important to show that the trapped 
diesel particulate can be removed by burning at interval throughout a 
work shift.  If this does not occur, the filter slowly builds a diesel 
particulate load, which increases the back pressure across the filter 
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and could eventually cause engine damage.  Alternatively, these large 
increases in pressure can lead to uncontrolled regeneration events that 
can cause the filter to be permanently damaged.  The selected DPF 
technology for this study does not make use of precious metal 
catalysts that reduce the regeneration temperature, at the expense of 
the production of increased levels of NO2.  Also, because of the base 
metal catalyst formulation, this is a relatively inexpensive DPF. 

 
  For this particular DPF technology, the range of temperature 
within which regeneration is expected, is between 716ºF and 788ºF.  If 
the exhaust temperature is significantly below this range for most of 
the work shift, the DPF will surely fail unless active regeneration 
technology is applied (electrical elements, fuel borne catalysts, etc.). 
 

In order for the DPF to regenerate on a regular basis and more 
importantly in a controlled manner, the regeneration temperatures 
logged during the shift must exceed the minimum regeneration 
temperature at least 30% of the time. 

 
 Data in Table 5 show the exhaust temperatures measured for the 

conventional LHD application.   
 

Table 5.  Average Measured Temperature for the Conventional 
LHD with the CATTRAP™ DPF. 

Average temperature (ºF) 

Cycle 
Engine 
Exhaust 

DPF inlet DPF outlet 

Duty Cycle C 484 447 445 

Duty Cycle D 494 460 469 

Duty Cycle B 380 356 377 

Duty Cycle E 370 342 338 

 
These show that the average temperature measured at the inlet 

to the DPF was at best 460ºF or 256ºF below the lowest value of the 
regeneration temperature range.   Moreover, at no time did the 
temperature at the filter inlet for any cycle reach values within the 
regeneration range.  It is quite obvious that the application of this 
particular DPF would soon fail for lack of regeneration under all 
conventional duty cycles tested.  This is shown graphically  in Figure 5. 
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Figure 5. Temperature Profile for the Conventional LHD 
Application with DPF for Cycle D 
  

Temperature trace data for cycle D (best case scenario) never 
reached regeneration temperature. 

 

  Figure 6 shows data from the steady-state tests performed for the 
diesel-electric hybrid simulation.  Temperature data for all of the 
steady-state cycles listed in Table 3 are shown. 
 
 Deutz F2L 2011 Engine Exhaust and CATTRAPTM Inlet and Outlet 

Temperature Profiles for all
CATTRAPTM Test Points
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Figure 6. Equilibrium Temperature Measured During Hybrid 
Simulation for the 31HP Engine Equipped with the CATTRAP DPF 
 

This figure indicates that several steady-state modes would 
support regeneration utilizing the DPF. 

 
Damage to a DPF unit 
  After the cold start Cycle I and Cycle II testing, data showed that 
the CATTRAP™ DPF filtration efficiency was lower than expected. At 
the end of testing, the filter was returned to the manufacturer for 
inspection, where it was determined that some DPF cells were 
damaged. Bore scope inspection of the DPF showed that there was 
evidence of slight substrate surface melt on the inlet side of the DPF.  
No major temperature peak or unusual events were observed during 
the cold start Cycle I and Cycle II tests, so the cause of this damage 
and the time of occurrence are unknown.  In spite of that, the overall 
efficiency of the DPF was measured to be in excess of 70% filtration 
for DPM throughout the tests.  
 

THE IMPACT OF HYBRID DIESEL ENGINE CYCLING AND COLD 
STARTS 

  
  In the final design of the hybrid diesel/electric vehicle, the option 
of short duration charging cycles will be investigated.  For example, the 
diesel engine could be used at 2000 RPM and 100% load in charging 
mode for 5 minutes and be turned off or idling for 5 minutes.  This 
process would  then be repeated. 
 
  As far as the present study is concerned, two aspects of engine 
cycling and cold starts need to be investigated first, the impact on 
exhaust temperature profile and the ability of the DPF to reach 
regeneration temperatures and, second, measurement of the impact 
on emission concentrations for the Cold Start - Idling and Cold Start – 
Off scenarios.  It should be mentioned that the tests reported here only 
deal with the hybrid diesel engine equipped with the DPF. 
  
 Impact of Cycling on Exhaust Temperature 

 Figures 7 and 8 show the temperatures measured at the exhaust 
outlet. 

 
 The temperature traces in both cases indicated that the 

exhaust temperature reached the regeneration temperature within the 
5 minute period.  In addition, these data indicate that regardless of 
whether the engine is turned off or left idling in between charging 
periods, the temperature profile and the maxima are essentially the 
same.  Consequently, running the engine at idle did not  provide any 
advantage in promoting regeneration temperature. 
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Engine Exhaust Temperature
 Versus Time

Cold Start Cycle I - Deutz F2L2011

0
40
80

120
160
200
240
280
320
360
400
440
480
520
560
600
640
680
720
760
800
840
880
920
960

1000

9:00 9:07 9:14 9:21 9:28 9:36 9:43 9:50 9:57
Time

T
em

pe
ra

tu
re

 (o F)

-500

0

500

1000

1500

2000

2500

Sp
ee

d 
(R

PM
)

Exhaust Engine Speed

I1 I2 I3 I4 I5 I6 I7 I8

CATTRAPTM regeneration  temperature range

Sample ID

 
Figure 7. Exhaust Temperature Profile Versus Time - Cold Start – 
Idling Test. 
 

Engine Exhaust Temperature 
Versus Time

Cold Start Cycle II - Deutz F2L2011
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Figure 8. Exhaust Temperature Profile Versus Time - Cold Start – 
Off Test. 
 

 On a cautionary note, operation of the engine/DPF combination 
according to these cycle parameters provided only partial periods of 
exhaust at the regeneration temperature. Although effective 
regeneration would be achieved, the actual amount of regeneration 
that has taken place was unknown. As stated previously, it is important 
that the appropriate thermal insulation be applied between exhaust and 
DPF connection to prevent heat loss and to assure regeneration within 
the 5 minute cycle. 
 
Impact of Cycling on Exhaust Quality 

The EQI based ventilation rate for the hybrid design vehicle are 
shown in Figure  9 for the two cold start scenarios, namely, the Cold 
Start - Idling and the Cold Start – Off tests. 
 
 Data from Figure 9 show that the EQI based ventilation rates for 
the Cold Start tests are slightly higher than the results for the engine 
set point at 2000 rpm and 100% load reported originally in Table 3 and 
Figure 4. This was expected given that the engine produced higher 
DPM, carbon monoxide and total hydrocarbon (THC) emissions 
because of the cold start condition.  A shorter warm-up period will 
produce higher emission concentrations. 

 
The average EQI based ventilation volume for the Cold Start-

Idling test at engine set point of 2000 RPM and 100% load (charging) 
was 1190 CFM and 323 CFM at idle. The average ventilation volume 
for the Cold Start – Off cycle II was 1023 CFM while charging and zero 
while turned off. 
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Figure 9. EQI Based Ventilation Volumes for the Hybrid Vehicle 
Diesel Engine for the Cold Start – Idling and Cold Start – Off 
Cycles 
 

Overall, Figure 9 indicates that running the engine for 5 minutes 
and then turning it off for 5 minutes would be desirable, as fuel 
consumption and emissions would be decreased, with no apparent 
impact on the ability of the exhaust temperature profile and the 
probability of DPF regeneration. 

 
CONCLUSIONS 

 
In order to gauge the impact of the hybrid vehicle technology, 

several aspects need to be evaluated. 
   
First, the impact of using a comparatively smaller engine in steady 

state mode, compared to a larger engine in transient operation was 
examined.  Next, the impact of using DPFs on the hybrid, and finally, 
the further advantages associated with the ability to turn the diesel 
engine off, on a cycling basis or in periods of low energy demand was 
tested. 

 
If we choose the hybrid LHD design rating for a 31 HP Deutz 

F2L2011 engine at 2000 RPM and 100% load, we can see the impact 
of the hybrid LHD technology by comparing the EQI based ventilation 
rates to those for a conventional LHD, powered with a 54 HP Deutz 
F4L912W diesel engine. 

  
 If the conventional LHD was to be used in an underground mine 

requiring CSA certification, 5000 CFM would be needed as per the 
regulation.  While the regulations as drafted at present don’t lend 
themselves to this type of comparison, it is useful to compare this 
value to the EQI based ventilation  rate  measured as part of this study.  
The EQI value provides toxicity criteria suitable for device 
comparisons.  The conventional LHD used in Cycles B, C, D, and E 
yielded EQI ventilation values of 2500 CFM, on average (Table 2).  
The hybrid design requires 1600 CFM and the further application of a 
DPF reduces this value to 1000 CFM. This last value represents an 
average reduction of 60% compared to the conventional LHD and 80% 
compared to the CSA certification value for the conventional LHD. 

 
Additional benefits are conceivable if the impact of cycling the 

hybrid diesel engine is included in the analysis.  Simulation exercises 
have shown that for Cycles B, C, and D, the hybrid vehicle could be 
turned off for periods ranging between 1.6 and 3.7 hours.  This would 
reduce fuel consumption and further improve emission characteristics 
of the hybrid vehicle. 

 
Diesel particulate filter (DPF) tests were quite revealing and 

straight forward.  Data from this study clearly demonstrate that simple 
and economic base-metal DPF technology would not have high 
enough exhaust temperatures for DPF regeneration on the 
conventional LHD.  Application of DPFs on this vehicle would require 
more expensive and complicated technology for suitable regeneration. 
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For the hybrid LHD concept several high RPM and load points for 
the smaller engine would positively support regeneration, with exhaust 
temperatures well in excess of the minimum regeneration temperature.  
The guarantee of regular regeneration cannot be made based on the 
work presented here, however.  The impact of factors such as charging 
cycle design, timing and frequency will need to be tested on the 
prototype and DPF selection will ultimately depend upon these 
parameters. 

 
RECOMMENDATIONS 

 
  Recommendations based on comparison of diesel emissions from 
a conventional load, haul and dump vehicle and a proposed hybrid 
version project can be made: 
 
  The Deutz F2l 2011 Diesel engine is a suitable engine to 
incorporate within the hybrid scoop tram power pack. 
 

The Deutz F2L 2011 can be operated between 1700 and 2800 
rpm, 100% load points where it provides sufficient exhaust temperature 
to cause continuous regeneration of DPF. 

 
Moreover, the 2000 rpm, 100% load point is the best operating 

point based on EQI ventilation calculations and measured exhaust 
temperature required for DPF regeneration; therefore, it is a favourable 
point of operation for the hybrid engine.  

 
  From a cold start position and through short period charge duty 
cycles, the Deutz F2L 2011 Diesel engine provides sufficient exhaust 
temperature to cause regeneration within the DPF; however, the 
engine should avoid running, unnecessarily, in idle mode between 
short charge cycles  to prevent possible DPF damage. Short charge 
duty cycles should be greater than 5 minutes, otherwise, sufficient 
exhaust temperature may not be available for DPF regeneration. 
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APPENDIX A 
 

This appendix contains tables highlighting the shift production of diesel exhaust contaminants of the hybrid vehicle compared to the conventional 
diesel LHD. This includes emissions reductions calculated over the duration of a shift as a result of ON time periods for the diesel engine used in a 
hybrid configuration.  While duty cycle E is added for the sake of completeness, the work cycle includes large portions of down ramp tramming which 
significantly increases regenerative breaking periods where the battery is actually being recharged as the electric motor operates as a generator.  
Because of this, the reported amount of time on is quite small and possibly not as representative as for the other duty cycles. Also, it is important to point 
out that the data corresponds to the utilization of a filter with the hybrid engine and no filter use with the conventional engine. 
 
Table A1 - Comparison of total shift emissions for the Hybrid LHD and the Conventional LHD under duty cycle “B”.  The total production time 
is 6.52 hours for both vehicles of which 3.61 hours is diesel engine ON time for the hybrid LHD. 

HYBRID LHD (31 hp) CONVENTIONAL LHD (49 hp) 
Variable Average Emission Rate 

(g/hr) 
Total shift Emissions (g)

Average Emission Rate 
(g/hr) 

Total  Shift Emissions  
(g) 

% 
Reduction of  Emissions 

over shift 

CO2 13827.7 49918.0 9447.8 61599.5 19 % 

CO 11.8 42.6 9.7 63.2 33 % 

NO2 1.1 4.0 9.9 64.5 94 % 

NO 88.8 320.6 67.6 440.8 27 % 

N2O 0.2 0.7 0.3 2.0 63 % 

SO2 1.2 4.3 n/a n/a n/a 

HC 3.6 13.0 2.9 18.9 31 % 

NOx 89.9 324.5 77.5 505.3 36 % 

DPM 0.4 1.4 2.3 15.0 90 % 

(Fuel rate) (g/hr) (4161.0) 15021.2 (3092.0) 20159.8 25 % 

 
Table A2 - Comparison of total shift emissions for the Hybrid LHD and the Conventional LHD under duty cycle “C”.  The total production time 
is 6.52 hours for both vehicles of which 5.73 hours is diesel engine ON time for the hybrid LHD. 

HYBRID LHD 
(31 hp) 

CONVENTIONAL LHD 
(49 hp) 

Variable Average Emission Rate 
(g/hr) 

Total shift    
Emissions 

 (g)  

Average Emission Rate 
(g/hr) 

Total  Shift 
Emissions 

 (g) 

% 
Reduction of Emissions 

over shift 
 

CO2 13827.7 79232.7 15472.4 101189.5 22 % 

CO 11.8 67.6 14.9 97.4 31 % 

NO2 1.1 6.3 13.0 85.0 93 % 

NO 88.8 508.8 100.0 654.0 22 % 

N2O 0.2 1.1 0.5 3.3 65 % 

SO2 1.2 6.9 n/a n/a n/a 

HC 3.6 20.6 4.7 30.7 33 % 

NOx 89.9 515.1 113.1 739.7 30 % 

DPM 0.4 2.3 3.8 24.9 91 % 

(Fuel rate) (g/hr) (4161.0) 23842.5 (4830.0) 31588.2 25 % 
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Table A3 - Comparison of total shift emissions for the Hybrid LHD and the Conventional LHD under duty cycle “D”.  The total production time 
is 6.59 hours for both vehicles of which 5.19  hours is diesel engine ON time for the hybrid LHD. 

HYBRID LHD 
(31 hp) 

CONVENTIONAL LHD 
(49 hp) 

Variable Average Emission Rate 
(g/hr) 

Total shift Emissions 
 (g)  

Average Emission Rate 
(g/hr) 

Total  Shift 
Emissions 

 (g) 

% 
Reduction of Emissions 

over shift 
 

CO2 13827.7 71765.8 16919.6 111500.2 36 % 

CO 11.8 61.2 17.6 116.0 47 % 

NO2 1.1 5.7 12.9 85.0 93 % 

NO 88.8 460.9 94.5 622.8 26 % 

N2O 0.2 1.0 0.5 3.3 68 % 

SO2 1.2 6.2 1.7 n/a n/a 

HC 3.6 18.7 6.2 40.9 54 % 

NOx 89.9 466.6 107.5 708.4 34 % 

DPM 0.4 2.1 4.4 29.0 93 % 

(Fuel rate) (g/hr) (4161.0) 21595.6 (5238.0) 34518.4 37 % 

 
Table A4 - Comparison of total shift emissions for the Hybrid LHD and the Conventional LHD under duty cycle “E”.  The total productive time 
is 6.53 hours for both vehicles of which 1.74 hours is diesel engine ON time for the hybrid LHD. 

HYBRID LHD 
(31 hp) 

CONVENTIONAL LHD 
(49 hp) 

Variable Average Emission Rate 
(g/hr) 

Total shift Emissions 
 (g) 

Average Emission Rate 
(g/hr) 

Total  Shift 
Emissions 

 (g) 

% 
Reduction of Emissions 

over shift 

CO2 13827.7 24060.2 10717.5 69985.3 66  % 

CO 11.8 20.5 15.9 103.8 80 % 

NO2 1.1 1.9 8.9 58.1 97 % 

NO 88.8 154.5 57.5 375.5 59 % 

N2O 0.2 0.3 0.4 2.6 87 % 

SO2 1.2 2.1 1.3 n/a n/a 

HC 3.6 6.3 5.4 35.3 82 % 

NOx 89.9 156.4 66.4 433.6 64 % 

DPM 0.4 0.7 4.1 26.8 97 % 

(Fuel rate) (g/hr) (4161.0) 7240.1 (3146.0) 20543.4 65 % 

 
 

 


