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• The focus of the first phase of the study is to evaluate the feasibility of incorporating 

new technologies on ultra-class mine haul trucks to reduce greenhouse gas (GHG) 

emissions. 

• Over forty individual technologies were assessed in four major categories:

– Alternative Fuels

– Electrification

– Powertrain

– Misc. Vehicle Improvements

Study Overview
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• This slide document provides a summary of the technologies included in the 

study. Some technologies included are better suited than others for the mine 

truck application, and some were not included at all. 

• The intent of this document is to provide COSIA study participants with enough 

information to prioritize further analysis into specific strategies or strategy 

groups.   

Presentation Overview
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Alternative Fuels

• Compressed 

Natural Gas

• Liquefied 

Natural Gas

• Hydrogen

• Diesel (baseline)

Strategy Overview

Powertrain

• Idle Reduction

• Cylinder 

Deactivation

• Start/Stop

• Pneumatic 

Hybridization

• Regenerative 

Braking

Electrification

• Full Electric

• Hybridization

• Regenerative 

Braking

• Trolley/Catenary 

Systems

Misc. Vehicle Improvements

• Rolling Resistance Tech

• Hydraulic System Tech

• Aerodynamic Improvements

• Waste Heat Recovery

• (Route 

optimization/automation 

was out of scope)



Alternative Fuels
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• Natural gas is recognized as a clean fuel, producing fewer CO2, particulate, and 
NOx emissions than traditional fuels on a pure combustion basis, not taking into 
account any fugitive emissions.

• Liquefied Natural Gas, or LNG, is natural gas that is liquefied and stored at 
cryogenic temperatures ( about -160 C) and nearly atmospheric pressures 
(typically less than 2 MPa). 

• Compressed natural gas (CNG) is stored at up to 5000 PSI (34 MPa), but is 
more typically seen pressurized to 3600 PSI (20 MPa), in either case stored at 
ambient temperature. 

• With either CNG or LNG, gas is vaporized prior to combustion, and the 
differences in environmental performance in either case are negligible.

Natural Gas
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Dedicated Natural Gas Engines

• A dedicated engine for the mine haul market doesn’t exist, and would need to be developed. The feasibility 
of development would depend on projected market size and available development cost assistance from 
government or industry. 

• “Dedicated” engines are designed specifically to run on only natural gas: 

– Largest available transportation market is Cummins Westport ISX12N, with 
a displacement of 11.9 liters and up to 400 hp and 1450 lb-ft of torque.

– Westport previously offered the WD-15, with a displacement of 14.9 liters 
and up to 475 hp and 1750 lb-ft of torque. 

• Dedicated natural gas engines for stationary power market segments are 
available up to and above 3000 kW, but would need to be redesigned for 
the mine haul duty cycle. 

• Natural gas engines are also available in marine power markets, but are 
typically dual fuel above the 1000 kW size.

• Rail startup company VeRail aims to develop a large, dedicated gas 
engine, but commercialization is years away. 

Cummins Westport ISX12N
Source: https://www.cumminswestport.com/models/isx12-g
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• Four major Natural Gas-and-Diesel, dual-fuel engine types:

– Fumigated

– Port Injected

– Micro-Pilot

– Direct Injected

• Fumigated, port injected direct injected technologies have been tested and 

evaluated for mine haul applications.

Dual Fuel Technology Options
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Natural Gas Engine Architecture Comparison

Fumigation Port Injection Micro-Pilot Direct Injection

Gas is injected at a single point upstream of 
the intake manifold. Diesel is injected 
normally. Used in Caterpillar Dynamic Gas 
Blending, GFS Corp. EVO-MT

Gas is injected near the intake ports of each 
individual cylinder. Diesel is injected normally. 
Used in Mine Energy Solutions retrofit.

Gas is injected near the intake ports of each 
individual cylinder. Diesel is injected through a 
significantly smaller pilot injector. 

Both gas and diesel are injected through a the 
same injector. Gas must be at high pressures. 
Used in Caterpillar Direct Injected Gas, 
Westport HPDI 2.0

Advantages

Simple architecture allows for easy retrofit 
opportunities. Low pressure gas is sufficient for 
operation.

Low pressure gas is sufficient for operation. 
Higher substitution of 60-80% is possible. Tier 
III NOx compatible.

High substitution rates of 95+%. Improved 
combustion control. Tier IV compatible.

High substitution rates of 95+%. Efficiency 
approaches traditional diesel efficiency. Low 
methane slip.

Disadvantages

Relatively lower substitution rate of 50-65% on 
average. Diesel oxidation catalyst (DOC) 
required to meet CO cert. High methane slip. 
Knock control required.

Diesel oxidation catalyst required to meet CO 
cert. High methane slip. Knock control 
required.

Diesel oxidation catalyst required to meet CO 
cert. High methane slip. Knock control 
required.

Requires exhaust gas recovery (EGR) and 
selective catalytic reduction (SCR) for Tier IV 
NOx cert. Requires high pressure >8,000 PSI 
gas.

https://www.gladstein.org/gna_whitepapers/feasibility-issues-benefits-natural-gas-seaports-high-horsepower-applications/

https://www.gladstein.org/gna_whitepapers/feasibility-issues-benefits-natural-gas-seaports-high-horsepower-applications/
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• GFS’s EVO-MT®  conversions are available for Caterpillar 777B and C, the Caterpillar 
793B, C and D, Caterpillar 785 B,C and D, Komatsu 830 DC/AC and Komatsu 930E, 
and Caterpillar 992 wheel loader. The conversion includes:

– Fuel Storage Modules:

• 1st combo tank replaces hydraulic tank and holds 1,135 liters (300 gallons) of LNG and 930 
liters (246 gallons) of hydraulic fluid.

• Optional 2nd combo tank replaces the original diesel tank, and can store an additional 1,135 
liters of LNG and 2,460 liters (650 gallons) of diesel. 

– Installation of engine components

– Dynamic Engine Control Unit 

– LNG Refueling Equipment

– Graphical User Interface

Gaseous Fuel System Corp. (GFS)

Fuel-Air Mixer
Source: http://www.gfs-corp.com/industry.php/mining/syscomp/

Fuel Storage
Source: http://www.gfs-corp.com/industry.php/mining/products/2
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Gaseous Fuel System Corp. (GFS)

• In 2014, Arch Coal began operating LNG-powered Komatsu 930E haul trucks with EVO-MT conversion kits at their Black 

Thunder mine in Wyoming. In 2015, an order was placed for an additional ten conversion kits. Arch has plans to 

eventually convert nearly a quarter of fleet as part of the technology evaluation. 

• Teck Resources Limited began a pilot program in late 2015 demonstrating four 

Komatsu 830E and two 930E haul trucks at its Fording River coal operation in 

British Columbia. Demonstrations showed 35-50% diesel substitution.

• Onboard fuel capacity is unchanged - 600 gallons LNG, 600 gal Diesel, roughly 

1000 diesel gallon equivalent total.

• Implementation would require LNG infrastructure, including fueling and 

modification to maintenance facilities. 

• Wajax Power Systems and Cullen Diesel Power will represent the EVO-MT® 

Systems in Eastern and Central Canada as well as Northern British Columbia.
Source: 
https://www.alamy.com/stock-photo-fqm-copper-mining-large-haul-truck-westech-
53918677.html
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• Westport’s High Pressure Direct Injection (HPDI) system introduces high 
pressure fuel directly into the engine cylinder, 

– Contrast with fumigated systems where fuel is mixed near the air intake, or port-injected 
systems where air and fuel are mixed just before entry to the cylinder. 

– Current HPDI designs prohibit pure diesel operation. 

• The benefit of a high pressure direct injection system in a natural gas and diesel 
scenario is that the engine maintains the best characteristics of diesel engines. 

– Retains10-15% more heat than in a similar spark-ignited, fumigated engine.

– Compression ratios similar to the diesel-only compression ratio

– Fuel efficiency within 1% of typical diesel fuel efficiency 

– Diesel substitution rates of greater than 95%

Westport HPDI 2.0



COSIA Interim Update 13COSIA Final Report January 31st, 2019 

• The on-engine components in the HPDI 2.0 system are limited to a proprietary, 
high pressure, dual common rail fuel injector and a gas conditioning module. 

• Onboard systems also include HPDI, fuel storage module with an integrated 
high pressure pump, temperature sensing equipment, control software, fuel tank 
selection equipment, and an integrated gas module.

Westport HPDI 2.0

Source: https://www.slideshare.net/westportinnovations/westport-corporate-update
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• Westport Fuel Systems has collaborated with Caterpillar to bring HPDI 

technology to the heavy-haul mine truck, rail, and marine markets, under the 

name Direct Injected Gas (DIG). 

• Shell has conducted trials of the DIG/HPDI technology at the Albian Sands mine, 

including demonstration of a mobile LNG refueling vehicle. Results were not 

readily available.

• GTI’s outreach indicated that moving forward with DIG/HPDI at Albian Sands 

was financially feasible, but methane slip was a significant concern. (Methane 

slip is discussed on slides 24-26.)

Caterpillar Direct Injected Gas
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• Caterpillar Dynamic Gas Blending (DGB) is a retrofit kit for certain CAT 3500 series 
engines, which service both mine haul trucks and stationary power generation. (It’s a 
different technology than Direct Injected Gas.) 

– The retrofit converts the engine to a fumigated dual-fuel engine, injecting CNG or vaporized LNG 
upstream of the intake manifolds, and retaining diesel operability. 

– DGB is only available on the 12-cylinder engines in 785C trucks. There is no technical barrier to 
retrofitting the 16 cylinder engines in larger trucks, and CAT has plans to introduce the kit for the 
793, 795 and 797. 

– DGB has an advertised diesel substitution rate of 85% while maintaining diesel-like performance
and reliability. Industry outreach suggests that real-world rates are 60% at best.

• Demonstration: In 2015, Caterpillar began demonstrations of DGB-equipped 785C 
mining trucks at three sites in North America.

Caterpillar Dynamic Gas Blending
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DGB versus DGI

Industry outreach indicates that CAT is currently focused on DGB development due to the higher initial 

development cost and higher initial investment by the consumer required for DIG/HPDI technology, relative to 

DGB, but would consider DIG development if there was sufficient commercial interest. 
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• Dual Fuel CNG Vehicle Conversion from MES:

– MES approach includes precise fuel mixing on individual cylinders, 
advanced detonation algorithms, and unique control architecture that does 
not interfere existing control systems. 

• OEM ECU updates are transparent to the MES control system ensuring 
100% forward compatibility. 

– Replacement of the existing fuel storage tank and hydraulic tank with a new 
“slimline” diesel tanks.

– Installation of MES’ haul truck HDCNG® Fuel Packs (5000 PSI, 35 Mpa) on 
both the driver’s side and offside of the truck adjacent to the diesel and 
hydraulic.

– Preferred refueling option is off-vehicle filling and autonomous swap of 
empty/full HDCNG Fuel Packs. 

– On-vehicle w/fuel hose is an option, but would likely be slow compared to a 
diesel fill. 

Mine Energy Solutions

HDCNG Fuel Pack, Cylinders 
supplied by Quantum, a major 
CNG cylinder manufacturer.
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• Demonstration: First trial began in May 2015 on a CAT 789C. The truck was 

operated both with and without load on grades in normal mine duty in Australia. 

Subsequent demonstrations at five Australian sites indicated average diesel 

displacements between 82% and 85%. Durability testing was carried out 

beginning in February of 2016, with operation continuing until current day. 

• The demonstration on a CAT 789C with a 3516 series engine is relevant, but 

future development work would be needed to bring a similar retrofit to the 

larger-displacement C175 series engines in CAT 793 or 797 trucks.

• Implementation would require CNG compression and additional investment in 

autonomous refilling technology. 

Mine Energy Solutions
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Natural Gas Upgrade Summary

Engine 
Architecture

Fuel Type Timeline
Average 

Substitution
Methane Slip

CAT DGB Fumigated LNG/Diesel* 1-2 yr 60-65% High

GFS Corp. EVO-MT Fumigated LNG/Diesel* 1-3 yr 35-50% High

CAT DIG/Westport HPDI Direct Injected LNG/Diesel 2-4 yr 95+% Low

Mine Energy Solutions Fumigated CNG/Diesel 1-3 yr 80-85% High

Dedicated Natural Gas
Dedicated 

Natural Gas
LNG/CNG 5-10 yr 100% Medium

*CNG is an option, but has not been tested or demonstrated with the technology.
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• Chart on next slide shows how carbon dioxide emissions per truck scale linearly 
with the amount of fuel used

– Based only on tank-to-wheels analysis, ignoring methane slip. 

• Vertical axis shows diesel emissions (blue) and natural gas emissions (green) in 
units of kilograms of CO2 per truck, per month. 

• Secondary axis shows estimated tax per truck, per month. Projection is based on 
near-term $30/ton levies, long-term on $50/ton. 

• Horizontal axis shows daily fuel use in liters. 

– Ex. A truck needing 6000 diesel liters per day generates roughly 10,000 kg CO2 monthly 
and could incur $7,800-12,200 in taxes per month.

– With 50% natural gas substitution, the truck will generate about 4,000 kg CO2 from 
natural gas and 5,500 kg CO2 from diesel – 9,500 total, a 5% reduction, with a similar 
5% reduction in incurred taxes.

Environmental Performance of Natural Gas
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Monthly Per-Truck Emissions and Projected Taxes

Kg CO2 per truck, 
per month

Estimated Taxes per 
truck, per month 
($CAD)

Estimates based on 
tank-to-wheels 
emissions factors 
only, not including 
methane slip.
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• Compression infrastructure includes drying, compression, odorization, and dispensing 

equipment. High pressure storage will be necessary in “fast-fill” station.

– Budgetary CAPEX estimate of $10-20M* per 100,000 liters per day of compression, including high 
pressure storage, based on scale up from bus-fleet sized CNG “fast-fill” stations. 

– Operational costs will depend on natural gas and electricity prices. 

• Liquefaction infrastructure would include storage and dispensing pumps, and may include 

onsite liquefaction, pre-cleaning to remove moisture, CO2, or odorants.

– Costs are much more variable with LNG depending on scale. Some technologies only exist above or 
below a certain scale, and will have different mix of CAPEX/OPEX. 

– Onsite liquefaction would require higher CAPEX than compression, but same order of magnitude. LNG 
storage and dispensing (without liquefaction) would require less CAPEX than compression, but would 
incur an ongoing fuel purchase cost. 

Cost Considerations for Natural Gas Infrastructure

*$CAD, 2017
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• Fugitive methane emissions (methane slip) is the escape of uncombusted

methane from the engine. 

• Slip is a noted issue, and it occurs at different rates in natural gas engines, 

depending on the engine technology and application. 

• Methane slip is an unutilized asset that impacts variable cost economics. 

• Methane’s global warming potential is 25 times CO2 – it contributes 25 times 

more to greenhouse gas emissions if left uncombusted. 

• Previous trials with dual fuel Ultra-Class trucks has highlighted methane slip as 

a critical factor in evaluating natural gas use for the entire fleet. 

Fugitive Emissions
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• The three most prominent sources of methane slip are:

– Blended intake fuel-air mix escapes as exhaust and intake valves are open simultaneously

– Blow-by from the cylinder/piston rings into the crankcase

– Incomplete combustion within the cylinder

Fugitive Emissions

• Escape due to valve overlap can be solved somewhat with improved valve timing.

• Blow-by can be addressed by sealing the crankcase and recirculating, as has been 
done in Cummins Westport dedicated natural gas engines. 

• Incomplete combustion can be improved somewhat with engine design, but this is an 
inherent inefficiency in all engines, including diesel and gasoline engines.

• Valve overlap escape and incomplete combustion methane slip can be further 
addressed with methane oxidizing exhaust aftertreatment.
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• In HPDI and dedicated (gas-only) engines, valve overlap escape and uncombusted blowby are 
reduced. 

– HPDI engines have more complete combustion at higher pressures and improved control of injection and 
valve timing. 

– In dedicated engines, injection, ignition, and valve timing are all tuned for gas-only operation. 

– Sealing/recovery from the crankcase can further reduce slip in both technologies. 

• Spark ignited engines primarily suffer from methane slip due to valve overlap, but modest 
improvements in valve timing and injection have, along with sealing the crankcase, reduced 
methane slip. 

• Dual-fuel fumigated and port injected engine designs suffer from high slip due to overlap, and 
cannot achieve the improved ignition control that spark-ignited engines are able to. 

– These engine technologies are the most simple and inexpensive retrofit options, but their economics 
depend on the fuel price spread, and non-CO2 criteria pollutant reduction incentives, on greenhouse gas 
emissions benefits.

Fugitive Emissions



COSIA Interim Update 26COSIA Final Report January 31st, 2019 

• There is a point 

where fuel-based 

GHG reductions are 

negated by methane 

slip. 

• Variability in GHG 

reduction range is 

due to differences in 

engine efficiency. 

Methane Slip by Engine Type
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• Hydrogen as a transportation fuel is utilized in a PEM (proton-exchange membrane or 

Polymer Electrolyte Membrane) fuel-cell that breaks the hydrogen molecule and 

creates electric current. 

• PEM cells are less efficient and require relatively pure hydrogen, but offer improved 

load-following capability, quick start up, and higher energy density than other types of 

cells. 

• Fuel cell vehicles are relatively easily coupled with battery systems, which can be 

integrated with regenerative brakes and other mild hybridization equipment. Stored or 

generated DC current is converted from DC to AC to run vehicle motors. 

• Hydrogen has seen the most traction in forklifts and passenger vehicles, but 

commercialization activity is growing in bus and Class-8 truck markets.

Hydrogen



COSIA Interim Update 28COSIA Final Report January 31st, 2019 

• A 12X scale up from the largest demonstrated PEM cell would be necessary to power 

large mine haul trucks (3000 kW).

– Toyota has demonstrated a Class 8 truck with two PEM fuel cells from their fuel cell passenger 

vehicle, the Mirai, for a total of 228 kW (335 HP). A typical Class 8 diesel truck has 500 HP.

– Nedstack offers PEM fuel cells in the range of 2 MW for stationary applications, and up to 30 kW 

for transportation applications.

– Hydrogenics offers a PEM fuel cell stack up to 180 kW for vehicle applications mainly for buses.

– Nikola claims to be building a billion dollar fuel cell manufacturing plant in Phoenix to supply it’s 

Class 8 truck with a fuel cell stack of 300 kW, however their claims face scrutiny from industry.

• Modular designs scale relatively easily, and increasing production volumes in 

car/truck/bus markets will put downward pressure on unit costs. 

Hydrogen - Commercial Developments
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• Hydrogen is not combusted, but merely reacted in the fuel cell. This reaction 

creates no carbon dioxide, NOx, or particulate emissions, merely water. 

• Generating hydrogen on-site via natural gas reforming would generate CO2 as a 

byproduct. (CH4+ 2H2O = 4H2+CO2)

• Generating hydrogen via electrolysis, with purchased electricity, does not 

generate GHG emissions on-site, but if the electricity is generated onsite there 

may be associated GHG emissions. (2H2O = 2H2+O2) 

Environmental Performance of Hydrogen
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• Hydrogen can be utilized in a dual-fuel engine via mixing into incoming air. This 
strategy has some recognized fuel efficiency benefits and displaces diesel.

– Unlike dual fuel with natural gas, hydrogen dual fuel has not taken off in passenger or heavy 
duty because of the relative newness of hydrogen and expense of components. 

• Onboard hydrogen generation strategies avoid the need for hydrogen 
infrastructure, using water as fuel instead, however powering the electrolysis cell 
likely negates any efficiency benefit.  

• Latest market entrant is Hytech Power

– Hytech offers onboard hydrogen generation and dual-fuel engine retrofit equipment

– Also plans to offer dedicated zero-emission hydrogen engine and scalable energy storage 
technology (would compete with Tesla Powerwall).

Hydrogen Assist
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• HyTech Power's Internal Combustion Assistance, or ICA, utilizes electrolysis to 

generate hydrogen from water. Hydrogen is port-injected.

– Novel controller scans and learns the crankshaft and camshaft signals, shifting the injection 

amount and timing.

• Hydrogen reportedly accelerates burn of the diesel fuel, increasing efficiency 

while supposedly eliminating or significantly reducing harmful emissions.

• Trials have reportedly demonstrated 15-30% improvements in fuel economy and 

50-90% reduction in emissions, but basis of calculation is unclear. 

Hydrogen Assist – HyTech Power
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• Efficiency benefit calculation is unclear 

– Amount of diesel substitution likely varies, no range of substitution in available literature.

– Electrolyzer would be powered via alternator or battery, which is ultimately powered by the 

diesel engine, which uses diesel. Energy balance would have to come from water. 

• Freezing of water may be an issue. No indication that any of the trials were in 

cold weather.

Hydrogen Assist – HyTech Power
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• For renewables manufactured or generated offsite, no significant tank-to-wheels carbon 
emissions or tailpipe CO2 tax benefits will be realized (Biodeisel, Bioethanol, Fischer-
Tropsch Diesel, Renewable Natural Gas, Solar/Wind/Hydro Electricity).

– Ex. GTI’s IH2 renewable diesel is made to ASTM D 975, and will have the same CO2 tailpipe 
emissions of diesel. 

– Some renewables have improved engine-out criteria pollutant performance (SOx, NOx, etc.). 

• Lifecycle Models, analyses (GREET, GHGenius) generate GHG emission estimates for 
total fuel pathway (i.e. well-to-wheels) emissions. 

– Any switch to natural gas or electric technologies or a strategy that continues diesel use could 
potentially utilize fuels from a renewable source. 

– Any amount of renewable fuel substituted for diesel will have an associated well-to-wheels GHG 
emission and tax reduction, generated at the source, and at varying amounts depending on 
lifecycle model analysis. 

Renewable Fuels



Electrification
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• The largest prototype all-electric land vehicle is currently eMining AG’s eDumper, a 
retrofitted Komatsu 605-7. (a 4.5MWh ferry is under construction in Sweden)

– It’s diesel engine was replaced with a synchronous electric motor capable of 590kW (800hp) up 
to 9,500 Nm torque.

– 1,440 prismatic NMC cells provide 700 kWh* of battery energy capacity on the chassis of the 
vehicle with an added total battery pack weight of 4.5 tons.

– The first-of-its-kind retrofit cost Ciments Vigier SA over $1 million.

• The e-Dumper was expected to start operations in late 2017 in a quarry operated by 
Ciments Vigier SA in Switzerland. 

– At the demonstration site, stone is mined at a higher elevation than the processing center.

– The vehicle will actually generate 40 kWh on each trip down the quarry, over 800 kWh daily, 
captured by overhead catenary wires. 

Full Electric

*roughly equivalent to 50 gallons of diesel
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• Diesel is much more efficient 
energy storage medium.

– Energy Density

• Near-Future Batteries: 250-350 Wh/kg

• eMining’s eDumper: 155 Wh/kg

• Tesla Model 3: 150 Wh/kg

• Diesel: >13,000 Wh/kg

– Volumetric Efficiency

• Batteries: 800 Wh/L

• Diesel: >10,000 Wh/L

Electricity Storage

http://www.renewableenergyfocus.com/view/3186/advancements-in-the-clean-vehicle-industry/
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• A fully electric, battery powered mine haul vehicle would require power up to 

1200-1300 kW*. Put into the current duty cycle for an uninterrupted 12 hours, 

this would require a battery that can store 15 MWh.

– At current leading energy densities of 150 Wh/kg and costs of $200/kWh, this size battery 

would weigh roughly 95 metric tons, be over 18 cubic meters in volume, and cost roughly 

$3M.  

– If an electric catenary system could provide the truck with half of the required energy (7.5 

MWh) over the same duty cycle, and anticipated cost and efficiency improvements do 

occur**, the battery would still weigh 30-40 tons, occupy 7-8 cubic meters, and cost ~$750k.

• In either scenario, charging would require significant time and decrease 

utilization of the capital investment in the truck. 

Size and Weight Considerations

*Based on maximum fall/spring fuel use, typical diesel and electric powertrain efficiencies. ** 50% cost reduction by 2025, 25% volumetric reduction  
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• The all-electric truck would produce no vehicle emissions, just as electric cars 

enjoy the zero-emissions label in the passenger car market. 

• Charging would require significant power generation and distribution 

infrastructure at the mine site.

• Onsite power generation would incur carbon penalties if non-renewable 

hydrocarbon fuels were used.

• Cold weather has a negative impact on electric battery performance. 

Environmental & Misc. Considerations
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• Fully electric vehicle architecture has seen the most traction in passenger vehicles, but 
commercialization activity is growing in bus and Class-8 truck markets.

• Increasing production volumes in car/truck/bus markets will put downward pressure on 
unit costs. Modular battery designs scale relatively easily. 

• Increases in energy density and volumetric efficiency, or decreases in price would be 
necessary, but as one of these variables moves in a desirable direction, the other 
variables often trend in undesirable directions.

• Long term reductions in these three factors may enable more electric-dependent 
hybrids, but a fully electric vehicle in the ultra-class segment would require 10x 
reductions in size and volume. 

Electric Outlook



COSIA Interim Update 40COSIA Final Report January 31st, 2019 

• Hybridization is the integration of technology that allows the movement of the 

vehicle to be powered by multiple energy sources.

• Hybridization is fuel agnostic – hydrogen, CNG, LNG, or diesel power sources 

could all integrate with electric hybridization technology. 

• Mine haul trucks are currently mechanical drive (Caterpillar) or electric drive 

(Komatsu, Liebherr, Hitachi). Electric drive truck architecture allows for easier 

integration of electric hybrid technology.

Hybridization
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• Electric hybridization technologies have gained significant market share in 

passenger vehicle markets in North America and internationally. 

• Electric hybridization vehicle technology also has momentum in heavy duty, 

transportation markets, including both Class 8 long-haul, cartage fleets and 

Class 4-8 short-haul, drayage fleets. 

• Energy storage technology advancement has enabled other technologies to find 

a foothold as part of hybridization; Regenerative braking, dynamic charging, and 

stop-start engine technologies all rely on electrical energy storage systems. 

Hybridization
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• Mild hybrids use a stored electricity and electric motor to help recover energy to 

assist in powering the vehicle and/or accessories, but a mild hybrid system is 

not intended to completely power vehicle movement without an additional power 

source. 

– Mild hybrid systems generally cost less than full hybrids but provide less substantial fuel 

economy benefits than full hybrids.

• Heavy hybrids have larger energy storage systems and more powerful electric 

motors, which may drive the vehicle on only electric power for short distances 

and at low speeds. 

– These systems cost more than mild hybrids but provide better fuel economy benefits.

Mild vs Heavy Hybrids
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• Parallel hybrids connect the engine and the electric motor to the wheels through 

mechanical coupling. 

– Both the electric motor and the internal combustion engine can drive the wheels directly. 

• Series hybrids use only electric motors to drive the wheels. The internal 

combustion engine is used to generate electricity for the motor. 

– Series hybrids may be referred to as extended-range electric vehicles (EREVs). 

– General Motors (GM) uses a slightly modified version of this design in the Chevy Volt. The 

electric motor drives the wheels almost all of the time, but the vehicle can switch to operate 

as a parallel hybrid at highway speeds when the battery is depleted.

Series vs Parallel Hybrids
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• Batteries store large amounts of energy but 

charge and discharge that energy slowly.

– Used in plug-in and hybrid applications and for 
steady vehicle power.

• Capacitors store less energy, but can charge 

and discharge it much more quickly

– Used in regenerative braking, stop-start 
technology, often along with batteries. 

• Flywheels (not shown) are to the far right, 

lower corner of this chart; They store less 

energy, but can deliver it very quickly. 

Energy Storage Background: Ragone Plot
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• In the majority of current mechanical drivetrain options from the leading 
manufacturers, braking is accomplished by a hydraulic oil based system. 

– Braking energy is captured in a hydraulic fluid and subsequently rejected as heat in a fluid-
air heat exchanger. 

– Hydraulic/pneumatic hybridization via driveshaft is discussed in the Powertrain section.

• In electric drivetrain trucks, the motors that power the wheels can act as 
generators while braking. 

– This generated power is sent to heat rejection grids with arrays of resistors. 

• Either scenario represents a significant loss in energy. This energy could be 
partially recovered and stored in a battery and/or capacitor and returned to the 
drivetrain and/or accessories when needed. 

Regenerative Braking
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• Potential fuel savings depends on duty cycle:

– A CAT 797F at the top of a 15 meter grade has 40 kWh of potential energy - roughly 
equivalent to four liters of diesel.

– The same CAT 797F traveling at 45 kph has over 20 kWh of kinetic energy, over two liters of 
diesel.  

• Roughly 65% of this is recoverable in hybrid and electric passenger vehicles.   

– Energy conversion efficiencies from capacitor to battery, inverter, in the motor itself, and 
transmission are the same whether charging or discharging the battery. The roughly 80% 
efficiency on charging and discharging is multiplied– 80% times 80% is 64%

– Aerodynamic losses at higher speeds and rolling resistance also steal some kinetic and 
potential energy during braking. Aerodynamic losses are likely smaller in mine trucks, but 
rolling resistance may have a significant effect.

Regenerative Braking
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• The bulk of hybrid component commercial providers are in the automotive 

space. Companies like Eaton supply vehicle manufacturers with components, 

and manufacturers integrate them in to commercial platforms. 

• Caterpillar has carried out evaluation of both technical and financial feasibility of 

incorporating multiple forms of hybridization. No technical barriers were 

identified, but development cost remains a limiting factor. 

• Non-vertically integrated manufacturers (Komatsu, Liebherr, Hitachi) have likely 

carried out the same evaluations, but would likely be supplied with equipment by 

a 3rd party – the development cost barrier is the same. 

Commercial Regenerative Braking Products
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• Dynamic charging provides power to an electric or hybrid vehicle as it physically 

moves through it’s duty cycle. The drivetrain and the battery may both receive 

charge depending on the needs of the vehicle at the moment. 

– Electric trolley systems – overhead catenary wires and vehicle-mounted pantographs – are 

a common form of dynamic charging in multiple transportation applications. 

– Similar concepts utilize a power source embedded or installed upon the roadway.

– Charge-at-idle systems provide power at stationary locations, such as bus stops. 

• Dynamic charging assists in powering the vehicle, thereby reducing the capacity 

of on-board energy storage required.

Dynamic Charging
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• Komatsu and Siemens have partnered in developing diesel-powered mine haul 

vehicles with trolley assist capability. 

• Siemens has a suite of technologies that support their E-Highway on-highway 

transportation applications. 

– The Siemens trolley-assist system allows vehicles to draw the electricity required for the AC 

wheel motors in much the same way as conventional railway systems. 

• Siemens notes that speed on an uphill grade is normally limited by the diesel 

engine’s horsepower, but a truck can climb faster if it can get additional power 

from overhead electric lines. 

Commercial Demonstrations – Siemens E-Highway
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• The Volvo Group is engaged in a Swedish research 
project to investigate and test dynamic charging in the 
form of power lines built into the surface of the road. 

• Along with a power and transport firm, Alstom, Volvo built 
a 400 meter-long track at a facility in Hällered, Sweden. 

• An in-road option for moving mine trucks is infeasible 
given the conditions on a mine site, but a similar side 
mounted option may be feasible. 

Commercial Demonstrations – Volvo 

• Successful commercialization may lead to greater momentum for all dynamic 

charging systems and lower cost common components. 
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Commercial Demonstrations – KAIST Wireless Charging

• In 2013, Researchers at Korea's Advanced 

Institute of Science and Technology (KAIST) 

constructed a seven mile roadway with embedded 

electric cables designed to power batteries on a 

moving bus.

• The cable technology creates electromagnetic 

fields above the road. A coil in the battery can turn 

the electromagnetic fields into electricity but only 

at short distances, 15-20 cm above the road. 

• Again, this would be impractical in a mine haul 

environment.
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• Charge-at-idle systems are available commercially, 
and have seen adoption by municipal transportation 
fleets. 

– Canadian company Bombardier’s PRIMOVE technology 
suite includes batteries and ground-based chargers that 
charge vehicles inductively while stopped to load and 
unload passengers.

– ABB’s TOSA flash-charging technology charges bus 
batteries in 20 seconds through a physical connection. A 
demonstration in Geneva showed that it takes less than 
1 second to connect the bus to the charging point on an 
overhead high-power charging contact. 

– Opportunity charging may be feasible in a mine haul 
application.

Commercial Demonstrations – Charge At Idle
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• Haul trucks that use electricity generated off-vehicle instead of electricity 

generated by their own could extend engine life.

– Not likely that dynamic charging completely negates engine use

• In-road systems are not feasible for mine haul applications. 

• Overhead or side-oriented systems charging via contact or induction may be 

feasible, but would require permanent infrastructure. 

• Mine planning strategy would need to focus on keeping permanent roads and 

moving crusher location less frequently. 

• Available electric capacity at the mine may be a limitation. 

Implementation



Powertrain
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• Hybrid technologies that can provide sufficient peak or high-load power to 

supplement a conventional engine will allow a downsizing of the primary engine, 

which will lead to more efficient fuel use. 

• At idle and low load conditions, the throttle valve is nearly closed and this 

restriction causes low cylinder pressures - the engine must work harder to draw 

air. 

• By downsizing the primary engine, idle and low load inefficiencies are reduced.

Engine Downsizing Benefits
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• A proven strategy to improve fuel economy while meeting a transient load is to 

vary the displacement of an engine by deactivating one or more cylinders in a 

multi-cylinder engine.

• At low load conditions, the engine must work to draw air through all cylinders. 

• This inefficiency, known as pumping loss, results in low fuel efficiency.

• Cylinder deactivation at low load increases pressure in each active cylinder 

allowing the throttle valve to open further while maintaining power output. This 

reduces pumping losses.

Idle Reduction via Cylinder Deactivation
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• Deactivation is accomplished by cutting 

fuel injection to cylinder and closing the 

intake and exhaust valves, creating an ‘air 

spring’ in the combustion chamber.

• The trapped exhaust gasses are 

compressed during the piston’s upstroke 

and push down on the piston during its 

downstroke. 

• Balanced compression and 

decompression mean no extra load on the 

engine.

Idle Reduction via Cylinder Deactivation

Overhead Cam Cylinder Deactivation System. Oil pressure retracts a latch pin, 
deactivating the cylinder.  (Eaton 2016)
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• In standard cylinder deactivation, specific cylinders 

are deactivated, and they stay inactive for the entire 

deactivation period. This creates uneven stresses, 

heat, and wear. 

• In dynamic cylinder deactivation, each cylinder can be 

deactivated for a single cycle, enabling additional 

flexibility and greater fuel efficiency advantages. 

• The diagram compares these methods for a three-

cylinder engine, achieving fractional deactivation of 

1.5 cylinders.

Dynamic Cylinder Deactivation

Comparison of Standard and Dynamic Deactivation
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• GM, Fiat-Chrysler, Ford, Chevrolet, Mercedes-Menz, BMW, and Audi offer some 

form of cylinder deactivation in the passenger and light-duty market. 

• Eaton is a major supplier of valvetrain equipment to these major manufacturers.

• Though manufacturers claim fuel efficiency improvements of up to 20-30% 

commercial passenger market applications have demonstrated improvements in 

the 6-10% range. 

• Cylinder deactivation has not yet been implemented in large diesel engines. 

Improvements to date have only been implemented on engines with up to eight 

cylinders, and commercialization efforts have been limited to Class 8 vehicle 

markets.

Idle Reduction via Cylinder Deactivation
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• Engine stop-start technology aims to reduce fuel consumption and associated 

emissions by shutting off an engine when motive power is not needed. When 

power is once again required, the engine starts once again and the vehicle 

performs as it normally would.

• Stop-Start is a form of mild hybridization. While the engine is off, vehicle 

auxiliaries such as air conditioning, sound systems, communication devices, and 

lighting are powered by a battery. If the auxiliaries drain the battery down to a 

minimum restart level, or pneumatic systems begin to lose pressure, the engine 

will restart.

Idle Reduction via Start-Stop Technology
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• Cummins offers stop-start in 2017 6.7 liter diesel engines - a capability aimed at 

transit bus, midsize freight transport, and waste hauling applications.

– Cummins estimates fuel efficiency of 3 -15 %, depending on the duty cycle.

– Stop-Start requires more robust components, including the starter motor, alternator, battery 

charge sensor, ECM, and transmission.

Idle Reduction via Start-Stop Technology

• Effenco offers a retrofit for the same 

vocational vehicles. A demonstration on 

garbage trucks yielded 15-30% fuel efficiency 

gains based on reducing engine hours by 40-

50%. 
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• Caterpillar has carried out technical and financial evaluations of stop-start 

technology development. 

– Major barrier is the added number of starts on the engine, requiring development of more 

robust components. 

– Development cost is not yet seen as justifiable.

• May be more feasible if only used for limited numbers of stop-start cycles

– Ex. Only during dumping and/or waiting at shovel. 

• GHG impact heavily dependent on duration of stop, more duty cycle information 

is needed to make an assessment. 

Stop-Start Implementation
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• In a pneumatic hybrid system, the vehicle’s kinetic energy drives a pump/motor that pumps a 

gas or hydraulic fluid from a low-pressure reservoir to a high-pressure accumulator. 

– If the system utilizes an incompressible hydraulic fluid, energy is stored in a gas trapped in 

the high pressure accumulator. 

Pneumatic Hybrid

• During acceleration, fluid in the high-
pressure accumulator is metered out to 
drive the pump/motor as a motor or electric 
generator. The system propels the vehicle 
by transmitting torque to the driveshaft. 

• Pneumatic hybridization may be better 
suited for mechanical drive trucks, but 
could be envisioned in electric-drive trucks 
as well. 

lightningsystems.com/lightninghybrid

https://lightningsystems.com/lightninghybrid


COSIA Interim Update 64COSIA Final Report January 31st, 2019 

• Eaton offers a Hydraulic Launch Assist system as an upfit kit (for new medium or 

heavy duty on-road vehicles), and estimates that 70% braking energy can be 

recuperated. 

• Parker Hannifin offers an integrated Advanced Series Hybrid Drive System that 

has advertised 70% energy recovery and up to 50% increases in fuel economy 

in garbage collection vehicles (which have high proportion of braking in their 

duty cycle).  

• Lightning Systems is offering their own hydraulic hybrid upfit (for new medium or 

heavy duty on-road vehicles) and retrofit kits for many major automotive 

manufacturers. 

Commercial Pneumatic Hybrid Systems
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• There is no technical barrier to integrating a pneumatic hybrid system on a mine 
haul truck, but no evidence that any development has occurred for vehicles 
larger than Class 6-7 vocational vehicles. 

• Carbon fiber tanks are available in a wide range of sizes and are relatively 
lightweight. 

• Typically parallel hybrid in vocational applications but can be adapted for a 
series hybrid architecture as well. 

• Battery hybrid systems will likely suffer low-temperature performance issues, but 
pneumatic/hydraulic hybrids won’t.

• Overall GHG reduction would depend on vehicle duty cycles, just as with 
electrical regenerative braking. 

Pneumatic Hybrid Implementation
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• Flywheel technology could potentially store energy 
like a pneumatic hybrid. 

• Driveshaft spins a rotating mass via mechanical 
linkages while braking, then returns the power 
through same linkage upon acceleration. 

• Volvo tested an 80 horsepower carbon fiber 
flywheel weighing 13 pounds. It spins at up to 
60,000 rpm in a vacuum sealed housing to reduce 
friction.

• Volvo estimated 20% fuel efficiency gains in 
passenger vehicles.

• No commercialized flywheel systems exist in 
passenger markets today. 

Flywheel Energy Storage

Volvo’s prototype flywheel system. 



Miscellaneous Improvements
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• Hydraulic systems provide power to multiple assemblies on a mine haul truck, 

including steering, braking, and powering the hoist while lifting the body. 

– Hydraulic systems receive energy input in the form of pressure and heat from the hydraulic 

pump. 

– The energy to power the pump comes from the main diesel engine. 

– Energy is lost from the system in the form of throttling losses – pump operates constantly 

and unutilized pressure is throttled down.

– Constant pump operation heats up hydraulic fluid - heat transfer out of the fluid is required. 

• Hydraulic system improvements will aim to reduce energy input at the pump or 

reduce heat or throttling losses in the system. 

Hydraulic Architecture Improvements
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• University studies indicate that incorporating throttleless activation (separate 

pumps for each movement, turning on when needed) along with regenerative 

technologies can reduce hydraulic excavator fuel use by up to 30%.

– Using a valve architecture to direct high pressure fluid to each movement (displacement-

controlled actuation) is being investigated to reduce the number of pumps required. 

– Regeneration from swing movement on excavator adds to energy savings

• Mine haul hydraulic needs will be very different, and will need to be studied.

– Excavator uses hydraulics for all or almost all movement. 

– Swing movement is ideal for regeneration; Lowering truck bed may be well-suited for this.

Hydraulic Architecture Improvements
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• Evonic’s DYNAVIS® hydraulic fluid additive reduces the amount of hot hydraulic 

fluid that escapes the hydraulic pump vanes and leaks into the system. 

• Tailoring the viscosity of hydraulic fluids can reduce this leakage, which reduces 

fluid temperatures and increases pump efficiency.

• A switch of hydraulic fluid is the only change. Operator control is unchanged.

• Fuel efficiency gains of 8-10% have been claimed in excavator demonstrations 

– Excavator duty cycle has higher proportion of hydraulic system use. 

– Inconsistencies and errors in product literature cast doubt on claims. 

Hydraulic Fluid Improvements – Evonic DYNAVIS
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• Blutip offers integrated fuel management solutions for high-
horsepower diesel engines in multiple vehicle platforms. 

– The approach is not unique. Vehicle markets have seen a number of 
these companies receive early interest, but they have trouble making 
it to market due to emissions concerns. 

– Bluetip is mining-focused, where criteria pollutant emissions are less 
of a factor. 

• Monitoring software and engine control system works to 
reduce fuel use and allow use of data analytics. 

• The Blutip controller does not replace the manufacturer’s 
engine control module, but instead monitors and modifies 
specific signals to the engine control module in real-time.

• The control algorithm reduces fuel combustion occurring 
outside the engine cylinders, increasing fuel efficiency 4-8%, 
lowering boost pressures and reducing exhaust gas 
temperature in the process. 

Bluetip Control Technology

Test results from a typical mine haul truck 
engine. Fuel Use (orange) decreased, driven by 
lower boost pressure (yellow).
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• US Department of Energy funded a consortium of companies to focus on 

integrating fuel-efficient technologies into four prototype Class 8 haul trucks.

DOE Supertruck Program

• Result was an overall 80-115% improvement in 

“freight efficiency” (ton-miles per gallon)

• Weight reductions, both in cab and in trailer, play a 

significant role in the freight efficiency 

improvements.

• Rolling Resistance, Aerodynamics, Waste Heat 

Recovery, Engine Downsizing, Cruising/Fuel Use 

Management Software all added to efficiency gain.
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• Estimate of “urban” drive cycle losses for Class 8 trucks:

DOE Supertruck Program

– Engine 58-60%

– Aerodynamic 4-10%

– Inertia/Braking 15-20%

– Rolling Resistance 8-12%

– Drivetrain is 5-6%

– Auxiliary Loads 7-8%

• Mine trucks would have some fraction hydraulic system loss, proportionally 

greater rolling resistance losses, less auxiliary load loss.

• Supertruck improvements will not benefit mine trucks in some areas, but rolling 

resistance, aerodynamic, and waste heat recovery technologies may have some 

benefit.  
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• Rolling resistance refers to the energy expended in the form of heat as tire 

material flexes and overcomes surface friction. 

• Data collected was during operation on paved surfaces at highway speeds.

• Rolling resistance improvements contributed 7-8% to overall supertruck freight 

efficiency gains. 

– 5-6% gained with wide-base single tires in place of dual tires, reducing flexing sidewall 

surface area and surface friction

– 1-2% gained by light-weighting rims/tires. 

– Tread redesigns and silica-infused rubber reduce friction losses and flexing, gains unknown.

Rolling Resistance Improvement
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• New tire development for existing size trucks could be prohibitively expensive.

– Michelin and Bridgestone already enjoy near-monopolistic price setting power in this market 

segment and have no incentive to develop new technology unless they can pass on 

expense.

• Testing at high speeds on hard pavement is not representative of the heavy-duty 

mine haul application. 

• Moving to a wider single tire may be possible if a trend towards automation 

leads to adoption of smaller capacity haul trucks.

Implementation
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• Vehicles create opposing pressure waves in front of their 
path of motion as they travel through bodies of air. Air also 
produces opposing drag forces on the vehicle. 

• Both effects were reduced by installing air-directing “fairing” 
material in long-haul trucks. Estimated improvements were:

– 4-7% fuel efficiency gain with rear fairings (trailer/boat tails)

– 5-7% gain with skirts under trailer and cab 

– 1-2% gain with trailer-cab gap cover

– 0.5-2% with wheel covers on trailer and cab

• Total drag force reduction of ~25% with all aerodynamic 
improvements led to 12% improvement in fuel economy.

Aerodynamic Improvements

KPH MPH
Drag Reduction to 

Increase Fuel
Economy by 1%

96 60 2%

64 40 3%

32 20 6%

https://energy.gov/sites/prod/files/2014/03/f13/vss006_salari_2013_o.pdf

https://energy.gov/sites/prod/files/2014/03/f13/vss006_salari_2013_o.pdf
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• Aerodynamic improvements to current fleet could be made relatively simply with 

inexpensive fairings. 

– New Komatsu autonomous prototypes already include drag-reducing elements.

• Existing trucks have high drag areas – flat fronts, wheel rims, body-chassis gap

• Aggressive drag reductions of 10% could reduce mine haul truck fuel 

consumption by 1.5-2% at 30 kmh or 2-3% at 40 kmh. 

• Fairing installations would need to allow access for maintenance and inspection 

of vehicles.

Implementation
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• New powerplant design was implemented in the Cummins-Peterbuilt Supertruck

prototype.

– Based upon the Cummins ISX15, a 15 liter diesel engine

– Incorporates exhaust gas recirculation (EGR) for lower criteria emissions

– Utilizes waste heat to turn a turbine, providing extra power for driving crankshaft

• Goal was to increase fuel efficiency by 6% and increase thermal efficiency by 

2.8%.

– Results were unclear, reported as bulk improvement that incorporated other engine-specific 

design changes, including compression ratio increases, turbocharger efficiency increases, 

piston bowl and injector geometry changes, and new ECM calibration. 

Advances in Waste Heat Recovery
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Waste Heat Recovery

• Exhaust exits manifold 

either to aftertreatment, 

boiler/superheater, or to 

EGR valve. 

• Boiler/Superheater and 

post-aftertreamtment heat 

exchangers recuperate 

heat to drive a turbine. 

• Turbine provides extra 

power to drivetrain.

https://energy.gov/sites/prod/files/2014/07/f17/ace057_koeberlein_2014_o.pdf

https://energy.gov/sites/prod/files/2014/07/f17/ace057_koeberlein_2014_o.pdf
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• Like many of the powertrain enhancements, this technology would require 

engine manufacturer involvement.

– Ideally the manufacturer develops the waste heat recovery system

– More likely a third party designs the system with manufacturer provided ECM details.

• Engine would function normally from a driver’s standpoint.

• Maintenance procedures may be significantly altered. 

Implementation
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• GTI identified key performance indicators (KPIs) 

• KPI’s were integrated with high-priority application information to develop an 

evaluation matrix and make final recommendations.

Next Steps
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• KPI’s were evaluated using either quantitative or qualitative scales.

• Qualitative evaluations were done with a A-F grading system; A is assigned a 
value of 4 and F is assigned a value of 0*.

• Quantitative evaluations are scaled based of maximum and minimum entries 
and then normalized on a 0 - 4 scale*.  

• All technology applications were graded against a diesel baseline. 

• Single-technology applications were aggregated to form rankings for combined-
technology applications. 

*(zeroes unnecessarily distort aggregate weightings, so 0.1 is used)

Key Performance Indicators
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• Each individual KPI has a 1-4 weighting, which weights the individual KPI’s as they are 
compiled into a category score. 

• KPI’s are divided into four categories:

– Emissions

– Operations & Performance

– Commercialization

– Cost

• Each category of KPI’s has it’s own 1-4 weighting that weights each category as they 
are complied into the overall score. 

• All weightings are adjustable to allow study members to tailor the matrix to their specific 
preferences. 

Evaluation Matrix
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• Kilograms of CO2 Emitted was estimated based on the mass of carbon dioxide 
equivalents emitted per thousand gallons of fuel burned (approximately one tank). 

• Kg CO2e was estimated on a tank-to-wheels basis except in the case of renewables, 
for which a well-to-wheels number was used. 

– For dual-fuel options, a best estimate of an average substitution rate across all duty cycles was 
used. 

– Estimates were based on a 2.71 kg/CO2 per liter of diesel (22.6 lbs CO2/gallon) figure provided 
by the U.S. Energy Information Administration (EIA). Higher substitution rates of fuels with 
carbon intensities lower than this scored better in kg CO2 emitted KPI,

• SOx, NOx, and Particulate Matter (criteria emissions) were graded relative to the 
diesel baseline. Only emissions generated during vehicle use were considered. 
Emissions due to onsite power generation were not included. 

Emissions KPIs
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• For all KPI’s under Operations and Performance, the current diesel configuration and 
current mine operation were considered the baselines, and any shortfalls in 
performance or negative impact to operations counted against the score or grade. 

• Range was estimated based on the energy capacity in diesel gallon equivalents, 

– For example, kWh of battery storage was converted into an equivalent volume of diesel. 

– Weight effects were taken into account under this KPI

• Power was graded based on any potential deviation from diesel. 

– This may manifest as a cost/performance tradeoff, for example, higher-quality supercapacitors 
may be more expensive than slightly lower quality, lower-power options.

• Mine Planning Impact was graded based on any potential effects on the locations of 
roads, crushers, shovels, equipment purchases, etc. 

Operations and Performance KPIs (1/2)
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• Maintenance Impact was graded based on any anticipated increase in 

maintenance required. 

– Diesel was considered as a baseline, and any deviation received a lower grade.

– Both regular maintenance like tire or fluid changes and irregular maintenance were 

considered. No application had less anticipated maintenance than diesel. 

• Infrastructure Impact was graded based on if a given application would require 

additional infrastructure over what already existed for diesel. 

• Fuel Availability was graded based on if the given application required fuel that 

was not available onsite or how difficult it would be to source. 

Operations and Performance KPIs (2/2)
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• Technology Readiness Level (TRL) was a quantitative rating with a range of 1-

9 based on U.S. Dept. of Energy guidelines. 

– TRL 3 indicates that active R&D is initiated, which may validate analytical predictions of 

separate elements of the technology. Components are not yet integrated or representative 

of a full system

– TRL 7 represents demonstration of an actual system prototype in an operational 

environment. It is a major step up from TRL 6, which only requires a simulated environment 

or a representative system prototype.  

– Full TRL descriptions included in separate tab of matrix.

Commercialization KPIs (1/2)



COSIA Interim Update 88COSIA Final Report January 31st, 2019 

• Vehicle Integration Complexity was graded based on any additional complexity that 

an application would add to the vehicle. 

– Though any complexity would impact maintenance, this KPI was meant to capture the ease and 

likelihood of commercialization efforts undertaken by a truck manufacturer.

• Competitive Landscape was graded on how larger market effects may impact design 

and commercialization efforts in the short term and product support in the long term. 

– If a major manufacturer indicated it’s interest and ability through conversations with GTI, or if GTI 

found evidence otherwise that this was the case, this would positively affect the grading. 

– If the organization providing a technology is relatively young, and is not supported by other 

revenue streams, commercialization may be negatively affected by competitive pressures. This 

would negatively affect grading. 

Commercialization KPIs (2/2)
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• Prototype/Development Cost was estimated based on one-time cost to carry out an 
appropriate sized demonstration of the technology (i.e. 2-3 trucks for 1 year).

• Infrastructure Implementation Capital Cost was estimated based on the one-time 
cost to install any permanent infrastructure needed to accommodate the technology 
application – CNG compression, LNG liquefaction, power generation, etc.

• Incremental Commercial Cost per Truck

– Includes a one-time incremental capital cost for an “Nth unit” (additional capital cost over diesel 
truck) 

– Also includes cash flows from incremental fuel costs/savings, discounted over an 8 year vehicle 
life to estimate annual costs. Higher substitution rates of cheaper fuels increased this score.

– Costs for fuel were calculated assuming a 5% price discount for natural gas versus diesel and a 
10% price increase for renewables. 

Cost KPI’s
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• The matrix has two categories of applications:

– Individual application scores were compiled based on evaluations of single technologies 

that GTI felt had enough merit to include in this final analysis. 

– Combined application scores were compiled based on evaluations of combinations of the 

individual applications. The scores were not merely averaged or combined, but they were 

assigned new ratings based on the marriage of the considered technologies. 

Applications
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• Diesel was given relatively low grades on environmental KPI’s given that this 

study is trying to improve upon this baseline. It was given relatively high scores 

in every other category due to the fact that it is the incumbent technology. 

• A dedicated natural gas engine scored well in emissions, with a 20% reduction 

in CO2 estimated and lower criteria emissions. Maintenance would be similar 

after a learning curve, and mine impacts due to new fuel supply would be 

minimal after the switch from diesel. Fuel availability may be an issue. Nobody 

yet offers a commercial version of this engine, but there was manufacturer 

interest given a market. 

Single Application Review – Natural Gas Tech (1/3)
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• Fumigated dual-fuel CNG/LNG and diesel applications (Gaseous Fuel System 

Corp, CAT Dynamic Gas Blending, Mine Energy Solutions) did not score as well 

on CO2 emissions due to mediocre fuel substitution rates and methane slip, and 

low also on SOx, NOx, and PM due to low substitution rates. 

• Otherwise their scoring was similar to dedicated and fuel-injected dual fuel 

natural gas technologies in terms of operations, integration, and mine planning 

impact. Fumigated gas technologies scored better in commercialization because 

there are existing very near-commercial manufacturers for each of the products. 

Natural Gas Tech (2/3)
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• Injected natural gas technologies (Westport HPDI 2.0, CAT Direct Injected Gas) 

scored well on CO2 emissions, better than fumigated gas technologies due to 

the low methane slip and high substitution rates. Injected technologies also 

scored slightly better for competitive landscape due to their technology maturity 

and the broad array of applications outside of mining that Westport’s HPDI 

technology would be suitable for. 

• $0.75 M USD cost for HPDI 2.0 was reported by industry contacts, and had a 

payback period of 3-5 years. 

Natural Gas Tech (3/3)
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• Hydrogen fuel cell technology scored very well on CO2 and criteria emissions 

since there are virtually none on a tank-to-wheels basis. It should be noted that 

hydrogen generated onsite would incur CO2 penalties and possibly others. 

• There could be tradeoffs between range and weight performance, as hydrogen 

fuel storage at these volumes could become very cumbersome. 

• Fuel production/availability is an issue - a source of hydrogen would need to be 

identified. Fuel cells would need to be scaled up significantly, and are still 

prohibitively expensive on a per-vehicle basis. 

• Hydrogen assist technologies should not be considered due to integration 

complexity, technology maturity, and competitive landscape. 

Hydrogen
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• Two cases were presented, a 20% substitution rate and a 100% substitution rate. In either case, 
the tank-to-wheels emissions would be the same as the non-renewable fuel, but emissions 
credits could potentially be traded to avoid CO2-related tax penalties.

• A full well-to-wheels analysis of each fuel pathway could not be made to determine full CO2 
reductions associated with each energy source, since source details on the preferred fuels were 
not made available. 

• The 20% case and the 100% case represent the switch to any carbon-reducing renewable –
renewable natural gas (RNG), renewable electricity, biodiesel, or Fischer-Tropsch synthetic 
diesel from renewable feedstocks. 

– The amount of fuel of each kind would reduce the carbon intensity of the blend by 20% or 100%

– Example blend #1: 80% traditional diesel (2.7 kg CO2/liter), 20% carbon-neutral (0 kg CO2e/liter equivalent) 
renewable electricity → 2.16 kg/liter equivalent blend

– Example Blend #2: 85% traditional natural gas (2.7 kg CO2/liter), 15% carbon negative (-0.9 kg CO2/liter 
equivalent) → 2.16 kg CO2/liter equivalent blend

Renewables
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• A 20% electric hybrid case was considered for analysis due to any larger 

substitution rate requiring batteries of sizes far too large to be charged without 

drastically increasing fleet size. 

• A 50% electric with catenary charging case is included to represent a later-stage 

case in which more catenary infrastructure is developed at a mine site. 

• Both scored well for CO2 and criteria emissions. Both scored lower than other 

applications in mine planning, infrastructure, and fuel availability. 

• Capital cost will be significant, as electrical generation will need to be installed 

or sourced and transmission infrastructure will be needed along roads.

Electric Catenary
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• These two similar technologies were evaluated on a 20% diesel displacement 

basis, meaning that 20% of vehicle power would be provided by electricity. 

• At-Idle charging, with charging locations either at the shovel or at the crusher 

scored much better on infrastructure and mine planning KPI’s than dynamic 

charging with an in-road contacting or indirect charging technology. 

• Both technologies would require maintenance to fixed infrastructure, and there 

are high capital costs associated with the necessary fixed infrastructure. 

Dynamic and At-Idle Charging Electric Hybrids
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• Stop-Start Technology has the potential to reduce CO2 emissions significantly 

with zero impact to mine planning or fueling infrastructure at the mine site, and 

scored well in these KPIs. 

• Stop-Start with diesel fuel still received middle scores on criteria emissions and 

suffered on TRL and commercialization scores. Major manufacturers noted that 

significant redesign of some components could add time and expense to 

development of this capability. 

Stop/Start 
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• Cylinder deactivation scored similarly to Stop-Start technology, but with 

somewhat lower integration complexity. 

• Major manufacturers noted that cylinder deactivation on this size of engine has 

not been done, but that structural similarities between passenger car engines 

and mine engines made this technologically feasible, and may be commercially 

feasible with a reasonable commitment from customers. 

Cylinder Deactivation
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• Electric and pneumatic regenerative braking scored similarly, with pneumatic 

braking receiving slightly lower scores due to slightly higher integration 

complexity and the relative strength of the market for electric regenerative 

braking systems in passenger vehicles. 

• Both applications scored well in mine planning and infrastructure impact, as the 

technology allows the use of existing diesel fuel infrastructure. Use of diesel 

negatively impacted criteria emissions, but fuel use reductions contributed 

positively to CO2 impacts. 

• It was assumed that electric trucks were to be outfitted with electric braking 

systems and that mechanical trucks would be outfitted with either pneumatic or 

electric systems.

Regenerative Braking



COSIA Interim Update 101COSIA Final Report January 31st, 2019 

• Regenerative braking with a flywheel technology scored well in mine planning 

and infrastructure impact, as the technology allows the use of existing diesel fuel 

infrastructure. 

• Flywheel regenerative braking suffered low scores in commercialization KPI’s 

due to lack of manufacturers interested in the technology and more competitive 

offerings from pneumatic and electric braking technology providers. 

Flywheel Regen Braking



COSIA Interim Update 102COSIA Final Report January 31st, 2019 

• Only small reductions of CO2 emissions may be possible with a hydraulic fluid 

change, and the application scored low in both emissions KPI’s as a result. 

• Manufacturers have claimed significant benefits relative to the low switching 

cost. The application may merit further investigation, as there have only been 

limited trials in lighter-duty equipment. 

• The application scored well in mine planning, infrastructure, integration 

complexity, and maintenance impact, as the technology allows the use of 

existing diesel fuel infrastructure and on-vehicle systems.

Hydraulic Fluid Change
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• Bluetip has claimed significant benefits relative to the low switching cost, 

however the small amount of fuel use reduction still results in this application 

scoring low in emissions KPIs.

• The application may merit further investigation - There have only been limited 

trials but they have been in similar equipment.

Bluetip Control Improvements
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• Promising results were gained from trials with Class 8 trucks for goods 

movement, but the small reduction in fuel use caused low scores in emissions 

KPIs in this analysis. 

• Aerodynamic improvements were among the lowest cost per CO2 reduction 

standpoint, but the fuel reduction estimates should be considered with a wide 

error allowance that may reduce this metric significantly. 

• This analysis considered a retrofit to existing mine haul trucks, however the 

effort to develop aerodynamic improvements could most effectively be done by 

manufacturers as part of the normal design process. 

Aerodynamic Improvements
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Scoring – Single Applications

3
Gaseous Fuel System Corp. 53

4
Westport HPDI 2.0 59

1
Diesel Baseline 35

2
Dedicated Natural Gas Engine 50

7
Mine Energy Solutions 53

8
Hydrogen Fuel Cell 49

5
CAT Direct Injected Gas 55

6
CAT Dynamic Gas Blending 53

11
20% Renewable Liquid Fuel Blend (ex: B20) 67

12
20% Electric Capacity Hybrid Catenary 55

9
Hydrogen Assist 33

10
100% Renewable Liquid Fuel 100% 79

22
Bluetip Control Improvements 49

20
Flywheel Regenerative Braking 43

21
Hydraulic Fluid Change 42

18
Electric Hybrid Regenerative Braking 63

19
Pneumatic Hybrid Regenerative Braking 60

16
Stop-Start 57

17
Cylinder Deactivation 59

14
20% Electric Capacity Hybrid w/Dynamic Charging

13
50% Electric Capacity Hybrid Catenary 51

23
Aerodynamic Improvements 40

44

15
20% Electric Capacity Hybrid w/Charge at Idle 56
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• Dedicated natural gas, dual fuel injected and dual-fuel fumigated natural gas 

engines were combined with both pneumatic and electric regenerative braking 

to evaluate the combined effects of implementing both technologies.

• Renewable cases were evaluated alongside the above engine options as well 

as the electric hybrid options. 

Combined Application Analysis
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Scoring – Combined Applications

27
Dedicated Natural Gas Engine + Electric Regen Braking 64

28
Westport HPDI 2.0 + Pneumatic Regen Braking 63

26
Dedicated Natural Gas Engine + Pneumatic Regen Braking 62

31
Fumigated LNG/CNG + Electric Regenerative Braking 59

32
20% Renewable LNG/CNG + HPDI 2.0 64

29
Westport HPDI 2.0 + Electric Regen Braking 66

30
Fumigated LNG/CNG + Pneumatic Regen Braking 58

35
20% Renewable + Electric Regen Braking 69

36
20% Renewable Electricity + Catenary 48

33
20% Renewable NG + Fumigated LNG/CNG 62

34
20% Renewable + Pneumatic Regen Braking 66
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• There is a column in the matrix spreadsheet that calculates direct dollars spent 

vs. CO2 reduction ratio. 

– This was calculated based on a 50-truck fleet. 

– Costs included infrastructure and ownership costs.

– This is normalized to unity to provide a unit-free expression the best performers. 

• This metric completely ignores impacts to mine planning, maintenance, etc., but 

may be useful as a metric after an application is chosen for further review.  

Dollars per CO2 Emissions Reduction
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• Westport’s HPDI 2.0 scores well as a standalone technology and is improved slightly in 
combined applications. 

• Other fumigated natural gas options also score well, but methane slip is an issue that 
holds these back from receiving top recommendation. 

• Regenerative braking, whether pneumatic or electric score well as standalone 
technologies, and are also improved by combining with other combinations. 

– Regenerative braking technologies are likely to be a have a relatively low cost per kg of avoided 
CO2 emissions. 

• Renewable fuels improve other applications significantly and perform well as 
standalone applications, 

– Implementation of renewable fuels of all kinds are likely to be a have a relatively low cost per kg 
of avoided CO2 emissions, however the assumption is that credit can be collected for displaced 
emissions during manufacture of the renewable fuel. 

Key Findings
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• Future engineering study on HPDI 2.0

– Useful information exists, (but is somewhat proprietary) from past Shell demonstrations.

– CAT may be persuaded to support DIG over DGB with enough interest. 

– Westport should be involved in any steps to move forward.

• Future engineering study on regenerative braking, either pneumatic or electric. 

– Informational meetings with regenerative braking providers in the heavy-duty on-road 
market (Effenco, Eaton, Parker Hannifin, Lightning Systems) should precede any 
engineering study to foster understanding of the technology and market dynamics. 

– Caterpillar and Komatsu should be notified if this is a preferred technology. Both have 
considered moving forward on this and would likely be interested in offering a manufacturer-
supported feature.

Recommendations
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• Future engineering study on cylinder deactivation. 

– Informational meetings with engine manufacturers, and potentially deactivation technology 
providers, if manufacturers do no directly support, should precede any engineering study to 
foster understanding of the technology and market dynamics.

• Fuel blending should be investigated in tandem with Westport HPDI 2.0, regenerative 
braking, or cylinder deactivation (in the case that engines remain diesel fueled). 

• Further study into the specific sources of available low carbon-intensity or carbon-
negative fuel will identify more accurate pricing and costs. 

– How will the preferred fuel/fuels be taxed and or credited?

– How will fuel producers share any credits generated or reduced tax burdens? 

– What costs are involved with transportation/generation of the preferred alternative fuel?

– How can this be scaled as tax burdens or credits change in the future?

Recommendations


