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0. Executive Summary

Edmonton is considering a major transit equipment purchase to replace the aging BBC
trolleys which are now the oldest part of its on-road transit fleet.  This report provides guidance
for that purchase based on a one-year in-use study of several advanced bus technologies
operating in the Edmonton transit fleet.  The objective is to provide cost and emission estimates
on a dollars/km and grams/km basis for the competing technologies as used on the routes served
by the current trolley fleet.  This distinction is important because, compared with Edmonton
average routes, these routes tend to have heavier traffic, more frequent stops, lower average
speed and lower daily mileage, all of which are factors that make the route “heavy duty” in terms
of demands on transit.  These factors mean the routes consume more fuel per km, require more
maintenance per km and also spread the equipment capital cost over less km than a fleet average
route, leading to significantly higher costs per km.

This report is based on comparative testing over almost a year of operation. The report
details the expected costs and emissions effects of replacing the present BBC trolley fleet with a
fleet of 47 buses from each of four different technologies.  The technologies are: New Flyer
“clean diesel” buses, New Flyer/Allison hybrid electric buses, Orion/BAE hybrid electric buses,
or New Flyer/Kieppe trolley buses.  With samples of these buses running in the Edmonton
Transit fleet over almost a year of operation, we have gained experience on their operating
capabilities, energy consumption and maintenance.  In addition, we have performed comparative
emission and noise level tests to look for significant differences in environmental effects.

The first result of the study is that all of the four bus technologies being considered are
capable of operating satisfactorily in Edmonton and all are being considered based on surviving
for a comparable life of 18 years. (That life is limited mostly by corrosion).  In addition, all will
be configured with equivalent seating and all meet acceptable standards for acceleration
performance, noise and emissions.  Given this level of equivalent capability, the choice becomes
one of providing the best lifetime cost and potentially some benefits due to better-than-standard
emissions.  Hence the following information is presented based on the dollars per kilometre to
operate each bus and the grams per kilometre of emissions resulting.
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Given the low speed, congested nature of the trolley routes, the costs per kilometre are
high.  Assuming 26,400 km/year of service, the baseline ‘clean diesel’ buses cost about $2.25
per kilometre over their lifetime while hybrids cost about $2.53 per kilometre.  In sharp contrast,
the trolley option costs about $10.26 per kilometre.  The cost differences come about due to
differences in purchase cost, system cost, maintenance cost and fuel/energy cost.  The hybrids
are expected to have significantly higher purchase price, amounting to an extra $0.48 per
kilometre for the projected life.  This is partially gained back by significantly lower maintenance
costs and fuel cost.  For maintenance, unique items such as brakes, exhaust filters and hybrid
batteries have been considered as a separate class in Table 7.2 and Figure 7.1.  The hybrids have
significantly lower brake maintenance which is only partially offset by the cost of periodic
battery replacement.  With maintenance and fuel savings included, the hybrids are still projected
to cost about $0.25 per kilometre more for the projected lifetime mileage.

The trolley option has lower energy costs  but suffers from higher costs in three main areas: 
-capital input and regular maintenance on the trolley electrical network and substations is
projected to average more than $5.8 million per year over the next 18 years.  Applying
this amount to the distance the trolleys will run adds another $5.92 per kilometre of
service.  
-trolley purchase prices are much higher, amounting to $2.50/km for the projected life.
-backup diesel buses must be used on trolley routes when the network is shut down for
maintenance or nearby construction.  Applying the daily cost of using backup buses adds
$0.56 per kilometre to the cost of the trolley option.

Overall, the cost of running trolley buses on these routes for the next 18 years amounts to $10.26
per kilometre of service.

Aside from changes in purchase price, factors which could change the cost ranking of these
options include changing annual mileage, changing vehicle life and future inflation rate.   For
example, with other factors remaining fixed in each case, the lifetime operating cost of the
hybrids would match that of the clean diesel bus if:

-the purchase price dropped from $650,000 to $545,000, or
-the hybrid life was extended to 21.5 years while diesels lasted 18 years, or
-the buses averaged twice as many kilometres per year as assumed here, or
-the diesel fuel price averaged $2.70 / litre over the next 18 years.

While each of these factors appears unlikely to shift to the extent specified, some combination of
shifts in the direction indicated could make the hybrids the most economic option.  

When considering the trolley option, the combined cost of purchasing trolleys and of running the
trolley electrical network for 18 years is about three times the total cost of the other options.  The
costs of maintenance and energy may be lower for trolleys than for diesel-fuelled buses, but they
are added on top of this large base for continuing to run the trolley network in Edmonton. 
Because of the large difference, it does not appear possible for any realistic set of changes to
bring the trolley costs close to those of baseline diesel or hybrid electric buses.

The relative cost information for the four options is shown in the Table and Figure below.
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Table 7.2 Breakdown of Costs per km for Heavy Duty (Route 5) Service
Clean
Diesel

        Hybrid 1        Hybrid 2     New Trolley

Bus Purchase  $  0.89  $  1.37  $  1.37        $   2.50 
Trolley System Costs  $      -    $     -    $      -          $   5.93 
General Bus Maintenance  $  0.54  $  0.55  $  0.55        $   0.86 
+Brake, Filter, Battery Maint.  $  0.24  $  0.12  $  0.13        $   0.10 
System Maint Backup  $      -    $     -    $      -          $   0.56 
Bus Fuel / Energy  $  0.58  $  0.51  $  0.46        $   0.25 
System Fuel / Energy  $      -    $     -    $      -          $   0.06 

Total Cost per km  $  2.25  $  2.55         $ 2.52        $   10.26      

Figure 7.1 Graphical Breakdown of Costs/km for Heavy Duty (Route 5) Service

Figure 7.1a Expansion of lower part of the graph, (right bar = $10.26)
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     Figure 7.2 Graphs of PM and NOx Exhaust Emission Standard Changes since 1988

Predicting the emissions for the future fleet is complicated by progressively improving diesel
emissions standards (as shown in Figure 7.2) and by the evolving Alberta electrical supply.  The
hybrids being evaluated were certified to 2006 standards but current bus purchases meet 2007
standards with a five-fold reduction in particulate matter (PM) and more than two-fold reduction
in nitrogen oxides, (NOx).  The planned purchases will meet 2010 standards which enforce a
further six-fold reduction in NOx.  For this evaluation, the relative advantages of hybrids were
measured against comparable 2006 buses and projected forward to 2007 and 2010 emission
standards.  Either way, it must be pointed out that: 

-the emissions difference between baseline diesel buses and hybrid electric buses is
expected to be small, and

-any choice of buses meeting the 2010 emission standard will be considerably cleaner
than the cleanest buses currently running on Edmonton streets. 

In terms of GHG emissions, the 15 to 20% fuel economy benefit of the hybrid buses translates to
a 15 to 20% reduction in CO2 emissions as shown in Figure 7.3.  If trolley system power is
assumed to come from a 50/50 split between Epcor’s Genessee 3 plant and older coal plants, the
GHG emissions associated with the trolley are marginally less than the clean diesel bus as shown
in Figure 7.3.  If the power is assumed to come from Alberta’s entire grid, including the northern
natural gas-fired plants and the southern hydro and wind plants, the electrical emission factors
are reduced and the trolley option falls between the hybrids and diesel buses at 1.82 kgCO2e/km. 
Other adjustments such as electrical distribution losses, upstream coal mining and upstream
petroleum industry emissions could raise the indicated GHG emission values of all three options
but are not likely to change the ranking of clean diesel highest, then trolley and hybrid lowest.

Beyond GHG emissions, other pollutants can be categorized as regional “acid rain” pollutants
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and local “criteria pollutants”.  Regional acid rain pollutants include nitrogen oxides (NOx) and
sulphur oxides (Sox) as shown in Figure 7.4.  The sulphur oxides are significantly less for diesel
than coal-generated electricity (or general grid electricity) due to the ultra-low sulphur diesel in
use since 2006.  The nitrogen oxides show the impact of changing emission standards.  Buses
conforming to the 2007/08/09 emission standard would emit more NOx than the equivalent
trolley option, (3.8 g/km vs 2.9 g/km).  However, buses conforming to the 2010 emission
standard will emit less than the trolley option, (0.6 g/km vs 2.2 g/km).  Note that the trolley
option also sees a benefit from the 2010 emission standards because the backup buses are
assumed to meet the tighter standard.

Table 7.3 Emissions Comparison on kg/km and g/km Basis

Clean Diesel Hybrid 1 Hybrid 2 New Trolley
(+20% Backup)

GHG (CO2e) kg/km 1.966 1.725 1.581 1.93

2007 NOx (g/km) 3.83 3.74 3.83 2.88

2010 NOx (g/km) 0.64 0.62 0.62 2.23

PM 10 (g/km) 0.0472 0.0495 0.019 0.48

HC (g/km) 0.0251 0.0199 0.003 0.01

CO (g/km) 0.37 0.341 0.042 0.07

SOx (g/km) 0.0183 0.016 0.015 2.62

Figure 7.3 GHG Emission
Comparison (based on Edmonton-
area coal-fired plants)

Figure 7.4 Acid Rain Emission
Comparison (based on Edmonton-
area coal-fired plants)
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Local criteria pollutants include nitrogen oxides, carbon
monoxide, unburnt hydrocarbons and particulate matter, (abbreviated as NOx, CO, HC and PM). 
The trolley system option has the advantage of producing no local on-street criteria pollutants
while trolleys are running.  Assuming 20% backup operation, the net local emission levels would
be 20% of diesel-powered bus levels.  If we include the displaced emissions produced at the
power plants, the 2010 buses will have a NOx advantage relative to the trolley option as well as
a significant advantage in PM emissions.  The HC and CO emissions from all options are
considered to be negligibly low compared with other sources such as gasoline vehicles.
 

In terms of criteria pollutants, the hybrids are predicted to have a marginal advantage
over the baseline clean diesel option based on experience with buses meeting current and past
emission standards.  However, it is unclear whether this small difference will be sustained as
emission standards tighten. 

As mentioned above, one consideration of the trolley is that it practically eliminates local
on-street emissions while it is running. However, it does this at a high cost.  It is possible to
calcualte the cost (in $ per ton) of each emission avoided by taking the difference in emissions
compared with baseline from Table 7.3 and dividing by the difference in cost compared with
baseline from Table 7.2.  Following this approach for GHG reductions (and using the lower
Alberta-grid GHG numbers for the trolley option) would give a calculation like:

For trolleys:
 ($10.26 /km - $2.25 /km)    * 1000 kg    =    $72,800 / Ton of CO2 avoided.
(1.97 kg/km - 1.86 kg/km)        Ton

For hybrids:
 ($2.52 /km - $2.25 /km)    * 1000 kg    =    $692 / Ton of CO2 avoided.
(1.97 kg/km - 1.58 kg/km)        Ton

Typical prices for avoiding CO2 emissions are on the order of $15 per ton or less so, if
the objective is to reduce GHG emissions, there would be other more effective ways of investing
the funds.  Similar calculations for criteria pollutants avoided at the street level, (ignoring the
emissions displaced to the power plant in the case of the trolleys), also give very high costs per
mass of pollutant avoided.  Even though emissions reduction forms one of the criteria for
choosing a transit bus option, the emission differences between the options are relatively small
compared with the cost differences. 

END OF EXECUTIVE SUMMARY
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2. Preamble
Edmonton is considering a major transit equipment purchase to replace the aging BBC

trolleys which are now the oldest part of its on-road transit fleet.  This report provides guidance
for that purchase based on an in-use study of several advanced bus technologies operating in the
Edmonton transit fleet.  The objective is to provide cost and emission estimates on a dollars/km
and grams/km basis for the competing technologies as used on the routes served by the current
trolley fleet. 

This report describes the study and presents the results of that study.
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Baseline Model Year Bus Number

2 New Flyer - 2007 Diesel buses (D40LFR) 2007 4453, 4454

2 New Flyer - Diesel buses (D40LFR) (baseline for 2006) 2006 4498, 4500

Hybrid Electric

2 Hybrid 1: New Flyer -Allison Parallel hybrids (DE40LFR) 2006 6001, 6002

2 Hybrid 3: New Flyer - ISE Series hybrids (DE40LFR) 2006 6003, 6004

2 Hybrid 2: Orion - BAE Series hybrids (Orion VII) 2006 6005, 6006

Trolley Electric

1 New Flyer - Kiepe Trolley Bus (E40LFR) 2007 6000

2 BBC -trolley bus (existing fleet) 1982 121, 150

3. Introduction and Outline

3.1 Technologies being demonstrated / compared

To provide information for this purchase (and other future purchases), several available
technologies have been purchased or leased and incorporated in the Edmonton Transit fleet.  The
new technologies used in this study include a new trolley, three types of hybrid electric bus and a
baseline diesel bus.  Table 3.1 lists a few details of the test buses as well as two additional
baseline bus types involved in the study: a 2006 diesel bus, (included because it meets the same
emission standards as the hybrids), and two existing BBC trolley buses, (included because their
maintenance and service duty is similar to the trolley).  Over the course of the study, it became
clear that the New Flyer - ISE hybrids would not be ready in time to put in significant mileage
and these buses will not be considered here.

Table 3.1 Summary of Buses Involved in New Technology Study

The three different models of diesel hybrid electric bus each use some combination of a large
battery, an electric motor and a smaller diesel engine to produce a more efficient bus.  As a
baseline, they are studied in comparison with a conventional diesel bus.  To briefly put these
options in perspective, the majority of our recent diesel bus purchases meet the 2007 emission
standard and the planned bus purchase will need to meet the 2010 standard.  Compared with
previous years, the 2007 buses have substantially reduced NOx emissions and a particulate filter
to remove most exhaust particulate matter.  For 2010, standards will tighten again, resulting in a
further 6-fold reduction in emission of nitrogen oxides, (see Section 7 for more detail).  2007
hybrids were not available when this study started, so the hybrid buses are certified to 2006
emission standards.  For this reason, 2006 diesel buses are included in the study to provide a
comparable-emissions and fuel consumption baseline and 2007 buses are included to examine
the effect of new incoming standards. 

The advanced electric trolley being considered is capable of operating off the same electrical
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substation and overhead line system currently being used by the old trolley fleet, but provides a
new bus body with the same features as current New Flyer buses.  In addition, the new trolley
has sophisticated motor controls and an on-board emergency battery that allows it to move off
switch points or even travel off the trolley wires for several kilometres (at reduced speed) to
bypass accidents, blocked streets and possibly problem intersections.  (The trolley bus being
quoted for the replacement fleet actually has a slightly different strategy which is an on-board
diesel generator that allows even greater off-wire range at reduced speed).

3.2  Basis for Comparison

To evaluate replacement strategies for the present trolley fleet, it is important to
understand the unique service currently provided by that fleet.  Evaluations based on “typical
transit bus operation” may be misleading because the trolley routes concentrate on low-mileage /
high traffic service with more stops, more traffic, lower average speed and lower annual mileage
than the transit fleet average.  These are all ‘hard service” factors and lead towards higher energy
consumption and higher maintenance costs per route kilometre than the fleet average.

Transit bus operation can be evaluated using a variety of metrics such as cost-per-bus-
per-year, cost-per-route-km, cost-per-seat-km, cost-per-passenger-km, cost-per-passenger-trip,
etc.  All of the buses being considered for the 2010 purchase have equivalent passenger seating /
standing configuration and will travel similar mileage serving these routes.  Because of this, the
analysis can be focussed on comparing the annual-cost-per-bus or the costs-per-route-kilometre
to replace the equipment serving the current trolley routes.  To properly focus on the trolley
routes, all options are compared on cost-per-route-km served for operation under
conditions set by the “trolley” routes, ie. low mileage, low average speed and many stops
per km.

An important consideration in overall cost is vehicle service life as determined by
lifetime mileage or retirement age.  Influenced by various funding and growth considerations of
recent decades, Edmonton has historically run buses to an unusually high mileage/service age
before retirement.  (Actually, “death-in-service” might be a better description than “retirement”
for the past strategy).  This affects service efficiency, environmental impact and overall service
cost.  Running buses to an exceptionally great age eventually leads to less reliable service (more
breakdowns) and higher costs (more maintenance and more backup buses).  Unusually long
vehicle life raises energy use and emissions due to not incorporating newer, more efficient
technology as it becomes available and to operating emission control systems beyond their
design life.  Finally, running buses to beyond-normal age leads to an eventual need for expensive
major rehabilitations.  Considerations of service efficiency, environmental impact and lifetime
maintenance cost all suggest that Edmonton’s best strategy for the future will be to run buses
through a “normal” operating life cycle rather than indefinite lifetime.  Based on Edmonton fleet
experience, body corrosion will limit the practical lifetime for transit buses on Edmonton streets
to about 18 years.  Current tenders for replacement buses are based on a planned 18 year lifetime
for all drive technologies so the assumed service life for all bus technologies is 18 years,
regardless of kilometers travelled.  

Trolleys can only run when the network is energized and backup buses are required when the
system is down for power outages, maintenance, construction or blockages of trolley network
streets.  The modern emphasis on construction safety and traffic safety leads to trolley lines
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being de-energized where they pass through construction sites and to lanes or whole streets being
closed to traffic for a variety of purposes.  Statistics over recent years show the trolley network
being available less than 80% of the time in most years and achieving a best-availability number
of 81%.  Given the likely trends for urban construction, network maintenance and power
availability, it is estimated that the trolley network will be usable 80% of the time.  When
trolleys are not available, the replacement bus will be assumed to be a new-technology
diesel since that will be the most common vehicle in the fleet over the next 18 years.

Based on 2005 statistics, there were 51 trolleys in service accumulating an average of
17,000 km/year.  Including construction, network maintenance and power outages, the trolley
network was available about 80% of the time and an average of 35 trolleys (69%) were booked
out each operating day.  Also in 2005, there were 491 low-floor diesel buses in service
accumulating an average of 50,000 km/year (which reflects the longer average routes).   On
average, 370 low-floor buses (75%) were booked out each operating day.  In 2005, the fleet also
included 252 old GM buses, 13 articulated buses and 27 ELF buses.  Those old or specialized
buses averaged 24,000 km/year for an overall fleet average mileage of 39,000 km/year. 
Considering the relatively short trolley routes and typical book-out numbers, it is estimated
that buses serving the trolley routes will have 176 working days per year at an average of
150 km/day for 26,400 km annually.  To allow for 80% trolley network availability,
electrical trolley mileage will be set at 80% of this, (21,120 km/year), with the balance made
up by diesel backup buses. 

Operating costs for a transit bus/trolley can be split into capital cost, maintenance cost
and operating cost.  Capital cost includes purchasing the buses as well as any necessary unique
tools and systems related to a particular technology.  An additional cost considered capital is the
required spending on both capital and maintenance to support on-going use of the trolley
electrical network.

Capital cost for bus and support system:  
The purchase costs for buses and associated spares are based on budgetary quotations
obtained by MES in March, 2008.  These costs have been adjusted by MES to allow for
inflation between now and the 2010 delivery.  The cost of continued operation of the trolley
power network is based on the 2009-2029 budget plan for substation and overhead wire
system as supplied by MES.  That budget plan includes capital expenditures for required
electrical gear upgrades as well as operational maintenance expenditures.  One hybrid technology
(Orion) requires a battery conditioner (at a cost of $85,000) for each maintenance shop where the
bus is serviced.  However, the cost is relatively small spread over 47 buses and this will not be
required for future lithium-ion batteries which will likely be available for 2010 so that cost has
not been included. 

Maintenance cost for bus: 
The direct cost of maintenance (parts and labour) is predicted based on experience over the first
6 to 12 months of operation plus some consideration of unique systems.  For example, the
hybrids and trolleys use electrical braking so they have less frequent brake jobs.  The diesel
buses and hybrids have DPF filters that require periodic maintenance which the trolley does not
require.  The hybrids have batteries which have a limited lifetime requiring periodic replacement. 
The purchase plan and anticipated book-out rate already include sufficient buses to provide
maintenance replacements during individual bus maintenance so individual bus maintenance
does not trigger backup costs.  During trolley system outages, non-trolley buses are required for
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backup.  The cost of operating these buses is added as a charge based on the number of system
down days (20%) multiplied by the daily operating cost for a baseline diesel bus (since those will
be the most common buses in the fleet over the next 18 years). 

Direct operating cost for bus:  
The operator costs and operator training costs are ignored as being the same or very similar
between technologies.  Hence, with capital and maintenance covered elsewhere, the main
operating cost is the power or fuel bill associated with operating the bus.  Fuel consumption /
power consumption values are based on in-use measurements of energy consumption for all
bus technologies running on a heavy duty trolley route (Route 5).  For the trolley system,
the energy use overhead associated with the network of substations and controls is
estimated based on 2007 power bills.  

The prices of fuel and electrical power are considered based on current Edmonton Transit costs.
Since both fuel and electrical energy costs are expected to escalate over the life of the buses
currently being purchased, this is a sensitive area and the effect of various scenarios is
considered.

3.3 Cost Comparison Tool
The information collected on various bus costs is summarized in an Excel spreadsheet called
COMPARISON.XLS . This sheet includes calculations to sum the capital, maintenance and
operating costs and to consider them based on daily, annual and per-kilometre values.
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4. Literature Survey of Other Studies and Earlier Results

The objective of this task was to look at historic hybrid studies which had produced
reports before this study commenced and learn what could be gleaned from them.  The available
studies were examined with a oncentration on whether they reported fuel economy and emissions
results based on documented and relevant test procedures and whether those test results could be
considered relevant for this study.

Several reports and technical papers were found which compared hybrid and diesel buses. 
However, in most cases the reports suffered from one of two flaws.  Either they did not provide a
direct comparison between hybrids and conventional buses of the same vintage or they did not
provide evidence of reasonably rigorous and controlled testing.  In many studies, a new-
technology hybrid or prototype hybrid was compared with existing (older vintage) buses which
met an earlier emissions standard.  In others, fuel consumption and emissions results were
presented without sufficient information to establish whether they were produced on comparable
conditions.

The studies which were considered comparable generally showed a significant fuel
consumption benefit and a possible emissions benefit for hybrids.  One concern was that there
were no studies available which showed that benefit for 2007 or later model years.  The benefits
of hybrid technology are partially accomplished through moderating the rate of change of diesel
engine operating conditions by using supplementary electrical power.  It can be expected that
these benefits would be less obvious with current and future diesel engines where the engine
control systems are already moderating the diesel engine operating conditions to achieve the
significantly better emissions performance required for recent and future years.  

An informal survey of possible sources showed that several current tests are underway
and recently completed so more test results should become available in the near future.  The
conclusion of this task was that hybrids have the potential to produce significantly better fuel
consumption and GHG emissions depending on operating conditions and probably the potential
to provide somewhat lower criteria emissions.  However, the case for the lower criteria emissions
has not been made with current vehicles and this task should be repeated in mid-2008 to get a
better picture of results from other studies.
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5. On-Road Performance

5.1 Noise Testing
Bus noise level is an “acceptable for use” criterion since buses need to fall below certain

regulatory noise levels.  Below those levels, it is highly desirable to have buses as quiet as
possible, both for passengers and operators inside the bus and for pedestrians and residents on
the street along bus routes.  Buses were tested for noise levels during a series of manoeuvers
ranging from idle to acceleration, cruise and stopping.  Noise readings were taken outside the bus
50 feet (15 m) away and from inside the bus near the front and back seating positions.  These
tests showed that the highest noise levels were generally found inside the bus, near the engines or
motors at the back and that these levels fell within mandated levels.  From this point of view, all
the buses considered are acceptable for use with no recorded noise levels reaching or exceeding
90 dBA.  

Noise levels can be considered based on loudest values or average values.  Since people
are particularly affected by loud noises, the loudest values measured are presented here.  Further
details are presented in Appendix B, Noise Test Results

Table 5.1 Loudest noise levels recorded at each of 3 locations.

The highest noise level is in RED and the lowest noise level in GREEN.  
Where two values are close (within about 3 dB), both are highlighted.

Note that the loudest interior noise levels were generally recorded during high-speed
acceleration runs for the diesel and hybrid buses but the trolleys did not perform high-speed
acceleration runs.

Bus Technology Interior - Rear Interior - Front Exterior - 50 feet

dBA dBA dBA

2006 diesel -4498 84.3 75.0 78.5

2007 diesel -4553 81.7 76.3 70.9

Hybrid 1  -6001 86.0 74.8 70.5

Hybrid 2  -6005 76.0 74.3 70.1

Hybrid 2  -6006 74.3 73.3 70.8

Hybrid 3  -6003 89.5 74.5 71.0

Old Trolly -121 77.5 69.3 69.2

New Trolly -6000 79.5 72.0 67.9
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The noise test comparisons showed that the new trolley is clearly the quietest option from
the street-side perspective, falling almost 3 dB below the other options at 67.9 dBA.  The hybrid
buses and the 2007 diesel bus all fell between 70 and 71 dBA which is still relatively quiet.  To
give a perspective on this, the 2006 diesel bus produced 78.5 dBA road-side noise.  Basically, all
of the replacement options being considered will be significantly quieter from the street side but
the new trolley is quietest.

Inside the bus, the rear seating area close to the drive train was generally the noisiest
location but the actual noise level appeared to depend more on construction and noise
management details than actual drive technology.  One of the hybrid technologies (Orion BAE)
proved to the quietest with maximum noise levels of 74.3 and 76 dBA for two models tested. 
The noisiest bus technology was another hybrid (New Flyer Allison) which was a very
significant about 10 dBA louder during acceleration.  The new trolley and 2007 diesel buses fell
between these extremes at 79.5 dBA (trolley) and 81.5 dBA (2007 diesel).  (Note that the testing
procedure favoured the trolley since it did not do a high-speed acceleration run.)

Near the front of the bus, noise in the operator and front seating area is generally lower
than elsewhere and is dominated more by fan and accessory noises than drive train.  Amongst the
buses tested, the old trolley had the lowest noise level, presumably due a combination of less fan
noise and less aerodynamic noise since it’s high-speed test run was not so fast.  The loudest noise
levels here were in the 2007 diesel buses which still managed a conversation-comfortable
76.3 dBA.  The new trolley fell between at 72 dBA and the hybrids in the 74 dBA range.  (Again,
the testing procedure favoured the trolley since it did not do a high-speed acceleration run).
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5.2 Acceleration Testing
Bus acceleration is an ‘acceptable for use’ criterion.  Unusually low acceleration would

lead to problems keeping up with traffic, particularly on congested routes like the trolley routes
being considered.  It would also be a sign of low power which might lead to problems on some of
the river valley hills.  However, beyond a certain level, high acceleration can lead to problems
for passengers standing or moving around the bus.  Modern buses are more powerful than
previous generations of buses so they generally have some control mechanism to limit maximum
accelerations.  Bus acceleration curves have been drawn from the speed traces recorded during
noise tests with essentially empty buses to show the maximum acceleration levels of the different
technologies.  The main conclusion from this study is that all the technologies provide acceptable
and reasonably comparable acceleration levels.

Figure 5.2 Acceleration Curves for all Bus Technologies
(Note: The acceleration run shown for Hybrid 1 levels off because it was not aiming at a high-

speed run.  Only the first 10 seconds or so are relevant).

Generally, the highest acceleration levels were shown by the 2006 diesel and the new
trolley.  The old trolly (well-known for acceleration) actually provided a characteristically gentle
startup and then reached a high acceleration level after the first second.  The two hybrids being
considered both started rapidly and then moderated their acceleration rate to fall behind the new
trolley.  The 2007 diesel provided the lowest acceleration rate.  However, considering the
requirements for prompt and controlled acceleration, all the buses provided comparable and
acceptable acceleration levels.
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5.3 In-Service Daily Records

One of the primary objectives of this study was to test bus fuel consumption over a range
of operating conditions by running buses on a range of routes and recording the fuel use.  This
proved to be problematic because automatic equipment originally planned to record refuelling
did not become available on most of the buses.  The re-fuelling records instead required personal
attention from operators and supervisors.  Some were fairly conscientious but the overall result
was a spotty record.  The results which were available generally showed that the buses travelled
the same distance indicated by their on-board data acquisition systems but consumed more fuel
than the on-board systems indicated.  The degree of the fuel discrepancy varied.  However, once
all the buses were running on the same heavy-duty route, (Route 5), the differences became small
(0-3%) except that the Orion hybrids showed about 10% less fuel consumption on their computer
when compared with the (relatively inaccurate) fill-up measurements.  Given the information
available, it was determined that the on-board data acquisition systems provided the best
available information on the relationship between bus operation and fuel consumption.  This is
discussed in more detail in Appendix D 

5.4 In-Use Data Acquisition Testing

On-board data acquisition systems were installed on thirteen test buses to measure
distance travelled, stops, tractive energy, fuel use, global position and other parameters relevant
to the bus operation.  The information recorded and analysis techniques is discussed in detail in
Appendix E.  Some of the information was collected with the intent of studying energy storage
and energy use for hybrid buses and ultimately guiding future development of advanced transit
buses.

For the purpose of this study, the on-board data acquisition systems provided a thorough
record of actual transit bus service and a wealth of information on the conditions under which it
occurred.  Vehicle efficiency could be measured and route effects such as average speed, number
of stops, etc could be seen.   One key observation is that the heavier weight of the newer buses
tended to increase tractive energy requirements and thus used up part of the increased efficiency
obtained with newer engines, newer electrical systems and hybrid battery systems.  

One overall observation relevant to this study is that fuel consumption on trolley routes
like route 5 is significantly higher than fleet average due to:

-relatively slow average speed (14 km/hr compared with 17 -22 km/hr for typical routes)
-high number of stops (more than 4 stops per km compared with 2.5 to 3 for typical

routes)
-severe traffic conditions which lead to more severe braking.  

This is the sort of route where trolleys and hybrids have a significant advantage over
conventional buses due to the capability to recover some braking energy as well as their higher
power system efficiency.

The 2007 diesel bus consumed 71 L/100 km running trolley routes, the two hybrid
technologies consumed 62 and 57 L/100 km for the NF Allison and Orion BAE respectively
while the trolley and supply system consumed just over 200 kW.h/100 km.  The diesel bus
consumption is about what was expected.  Claims for hybrid advantage have often been for a
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higher advantage than the roughly 13% to 20% shown.  Taking current prices for diesel and
electricity, this gives $58/100 km for the clean diesel, $51 and $46 for the NF Allison and Orion
BAE, and $31.60 for the electric trolley.  

It is generally expected that energy prices will escalate in the future so this is an area of
great interest.  However, it is worth noting that, overall, the energy costs remain a relatively
small fraction of the total bus cost, (about 25% for a 2007 diesel, 20% for a hybrid and 3% for a
trolley).  The overall cost of operating buses on this sort of route is dominated by the capital
costs and maintenance rather than energy costs and the differences between bus technologies are
large relative to the energy costs.  Hence, it appears unlikely that fuel / electricity cost inflation
will be high enough to change the balance between the bus technologies.. 

5.5 On-Road and Life Cycle Emissions

On-road emissions for the diesel-powered buses, (2007 diesel and hybrids), have been
calculated using a set of multi-mode test values measured by Environment Canada and weighted
according to time spent in the closest operating mode as measured with the on-board data
acquisition systems while the buses were running in Route 5 operation.  The Environment
Canada report and calculation procedures are discussed in Appendix F.

Upstream emissions involved in supplying diesel and upstream emissions to provide
trolley electricity depend on a Life Cycle Analysis (LCA).  There are many decisions involved in
providing an accurate and reasonably balanced presentation of the upstream emissions.  For
example, current LCA standards allow using a national or regional grid when examining
electrical power use.  There are considerable differences between emission levels from our
national-average grid, our provincial-average grid and the regional grid that actually supplies our
electric power.  Examining this area has led to another project to properly evaluate the emission
and energy implications of Alberta conventional and tar sand energy development.  That project
is incomplete but for the moment the trolley electrical use has been calculated based on local
region power plants with a 50/50 balance between Epcor’s newest Genessee 3 plant and other
regional plants.  With that in mind, general results and comparison can be stated as follows:  

-All the options are cleaner than our current typical fleet due to significant changes in
allowable diesel emissions being implemented in 2004, 2007 and 2010.  In essence, the
2010 emissions will make diesels essentially as clean as gasoline engines and should
considerably change the image of diesel buses.
-For criteria emissions (like NOx, HC, CO and Particulate), the trolley emits no emissions
on the street and is inherently the cleanest choice for local air pollution. Allowing for
power plant emissions, trolleys will have higher NOx, particulate and SOx emissions,
(but these will be displaced to an out-of-town location).
-Also for criteria emissions, the hybrids are expected to perform marginally better than
the clean diesel.  However, the differences are relative to a baseline which is much
cleaner than our current fleet average so the difference is becoming smaller and less
relevant to actual on-street emission levels.
-For GHG emissions, the trolley plus its system is relatively similar to a current diesel bus
when considering the power to come from Epcor sources.  Life cycle analysis including
upstream emissions will adjust the levels being assumed but, until a major carbon-free
electricity supply, (nuclear power?), is developed in northern Alberta, the comparative
differences are not expected to be large.  The hybrids have an advantage in direct
proportion to their reduced fuel use so they are the lowest GHG alternative.
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6. Non-Road Performance and Costs

Many of the major costs involved with running buses occur before the bus hits the road. 
These include the capital cost to buy the bus, the capital cost to provide necessary systems for
running the bus, plus maintenance to keep the bus running over its lifetime.

The bus capital cost for the various options is as provided by Mobile Equipment Services. 
This has been based on a recent quotation (March 2008) with an adjustment to provide for
inflation up to a 2010 delivery date.  In each case, the buses are assumed to have an 18 year
lifetime, (limited mainly by body corrosion).  The projected bus capital cost is simply divided by
18 years to get a cost per bus per year.  For example, for the Clean Diesel, it is $425,000 / 18 =
$23,611/year, for the hybrids it is $650,000/18 = $36,111 /year and for the Kieppe trolley it is
$950,000/18 = $52,778 /year.

The on-going operation of the trolley system requires continual maintenance and
component replacements.  The cost for this system has been treated as a capital cost (since it is a
prior requirement to actually operating the trolleys.  The actual cost is based on a long-term
budget planning document provided by Mobile Equipment Services.  This shows plans for $66.3
million dollars over the next 18 years.  That total amount is divided by 18 to give an average
annual amount and then divided by 47 buses to give an annual per-bus cost to keep the system
operating.  The cost of the trolley network is substantial, amounting to $78,344 per bus per year.

Another feature of the trolley network is that system outages can stop trolley operation,
requiring a backup fleet.  Traditionally, a combination of construction, planned maintenance and
unplanned failures have required backup about 20% of the time.  20% backup operation has been
used and the backup has been assumed to be a baseline clean diesel bus for the purpose of cost
and emissions.  (Another alternative would be to consider keeping old buses for the backup
which would result in marginally lower cost and substantially higher emissions.)

Maintenance records to date have shown a similar number of maintenance days, (48 for
the clean diesel, 51 for the hybrids and 57 for the trolley).  Projected future trends would see
more brake maintenance on the diesel bus than the hybrids or trolleys.  In addition all the diesel-
engined buses will need particulate filter maintenance and the hybrids will need battery
replacments.  Overall, bus maintenance costs favoured the hybrids (with around $17,300/year)
relative to the trolley and the clean diesel, (at around $20,500/year).

To reflect the specific application of trolleys on short routes, the annual cost of running
these buses is divided over a relatively low annual mileage.  For the clean diesel or hybrid buses,
this is 26,400 km based on 176 working days at 150 km/day.  For the trolley, it is 21,120 km
based on running 80% of the time and is supplemented by an equivalent number of clean diesel
km by the backup fleet. 
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7. Analysis and Comparison

Table 7.1 shows the key parameters and the calculated values which give a basic comparison of
the alternative costs for the ‘core case’ for this comparison.  The bottom line is that, even when
concentrating on this low-mileage / heavy-duty / high-cost route, the 2007 diesels provide the
lowest effective cost at $2.25 / km.

The hybrids are expected to have significantly higher purchase price, amounting to an
extra $0.48 per kilometre for the projected life.  This is partially gained back by significantly
lower maintenance costs and fuel cost.  For maintenance, unique items such as brakes, exhaust
filters and hybrid batteries have been considered as a separate class in Table 7.2 and Figure 7.1. 
The hybrids have significantly lower brake maintenance which is only partially offset by the cost
of periodic battery replacement.  With maintenance and fuel savings included, the hybrids are
still projected to cost about $0.25 per kilometre more for the projected lifetime mileage.  (Note
that hybrids might be more competitive for routes with higher annual mileage.  For example,
shifting to 50,000 km/year lowers the per km cost to about $1.56 for both the clean diesels and
the hybrids).  50,000 km/year is a typical annual mileage for Edmonton buses operating on
longer routes so hybrids may be worth considering for other purchases.

The trolley option has lower energy costs  but suffers from higher costs in three main
areas: 

-capital input and regular maintenance on the trolley electrical network and substations is
projected to average more than $5.8 million per year over the next 18 years.  Applying
this amount to the distance the trolleys will run adds another $5.92 per kilometre of
service.  

-trolley purchase prices are much higher, amounting to $2.50/km for the projected life.

-backup diesel buses must be used on trolley routes when the network is shut down for
maintenance or nearby construction.  Applying the daily cost of using backup buses adds
$0.56 per kilometre to the cost of the trolley option.

Overall, the cost of running trolley buses on these routes for the next 18 years amounts to $10.26
per kilometre of service.

This basic case const information is presented in Tables 7.1 and 7.2 and in Figures 7.1 and 7.1a.



Checkel Executive Summary  April 18/08    page 20

Table 7.1 Capital, Maintenance and Energy Costs

BASELINE Hybrid 1 Hybrid 2 New Trolley
Bus Name Clean Diesel NF Allison Orion BAE NF Kieppe
Capital Costs
Bus Cost (2010)  $ 425,000.00  $ 650,000.00  $ 650,000.00  $  950,000.00 
Bus Life  in yr 18 18 18 18 
System Cost (Life) 0 0 0  $  66,279,429 
# Buses on system 47 47 47 47

Maintenance Costs
Basic Maint Cost  $  14,386.00  $  14,585.50  $  14,523.50  $    18,230.00 
Annual Brake Cost  $    5,866.67  $    1,320.00  $    1,552.94  $      2,112.00 
Annual Filter Cost  $       360.00  $       300.00  $       300.00  $               -   
Annual Battery Cost  $              -    $    1,666.67  $    1,666.67  $               -   
Backup Replacement  $              -    $              -    $              -    $    11,894.00 

 $  20,612.67  $  17,872.17  $  17,872.17  $    32,236.00 

Working Kilometers
Working Days/yr 176 176 176 80% 140.8
Average km/day 150 150 150 150
Average km/yr 26400 26400 26400 21120

Fuel / Energy Costs
Bus Fuel L/100 km 70.86 62.17 56.96 202.84
Fuel Cents/Litre 81.5 81.5 81.5 12.5
Fuel Cost /100 km  $         57.75  $         50.67  $         46.42  $          25.36 
+System Energy  $              -    $              -    $              -    $            6.21 

Costs per km
Bus Capital  $         0.894  $         1.368  $         1.368  $          2.499 
System Capital  $              -    $              -    $              -    $          5.926 
General Maintenance  $         0.545  $         0.552  $         0.550  $          0.863 
+Brake, Batt., Filter  $         0.236  $         0.124  $         0.133  $          0.100 
Syst Maint Backup  $              -    $              -    $              -    $          0.563
Bus Fuel / Energy  $         0.578  $         0.507  $         0.464  $          0.254 
System Fuel / Energy  $              -    $              -    $              -    $          0.062 
Total cost per km  $         2.25  $         2.552  $         2.516  $         10.267 

Cost vs Baseline /km  $              -    $         0.299  $         0.263  $          8.014 

Cost per day  $       337.90  $       382.73  $       377.33  $      1,540.01 
Cost vs Baseline
/day

 $              -    $       44.83  $       39.43  $       1,202.12 

Total cost per year  $       59,470  $       65,393  $       65,743  $       170,025 
Cost vs Baseline /yr  $              -    $         7,890  $         6,940  $       157,364
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Table 7.2 Breakdown of Costs per km for Heavy Duty (Route 5) Service
Clean
Diesel

        Hybrid 1        Hybrid 2     New Trolley

Bus Purchase  $  0.89  $  1.37  $  1.37        $   2.50 
Trolley System Costs  $      -    $     -    $      -          $   5.93 
General Bus Maintenance  $  0.54  $  0.55  $  0.55        $   0.86 
+Brake, Filter, Battery Maint.  $  0.24  $  0.12  $  0.13        $   0.10 
System Maint Backup  $      -    $     -    $      -          $   0.56 
Bus Fuel / Energy  $  0.58  $  0.51  $  0.46        $   0.25 
System Fuel / Energy  $      -    $     -    $      -          $   0.06 

Total Cost per km  $  2.25  $  2.55         $ 2.52        $   10.26      

Figure 7.1 Graphical Breakdown of Costs/km for Heavy Duty (Route 5) Service

Figure 7.1a Expansion of lower part of the graph, (right bar = $10.26)
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Another consideration for the hybrids or trolleys is that they might have longer life.  For
example, the Orion hybrid, (which uses stainless steel construction), could have a longer
operating life than the 18 years used for this analysis which has been limited to 18 years based on
experience with corrosion.  Any life extension attributed to the stainless steel body would favour
the Orion since the higher capital cost could be spread over more years and kilometres.  With
other features of the anlaysis being held constant, the Orion’s cost per kilometre would match that
of the clean diesel if the Orion had a 21 year lifetime. 

The trolley option is hampered by the high capital cost of trolleys and of the trolley
system.  Basically, the capital cost of the trolley is $2.50/km and the cost of its system is
$3.70/km so just these two factors account for almost three times as much cost/km as the baseline
clean diesel buses.   Extending the life of the basic trolley would reduce the $2.50/km cost but
would not affect the $3.70/km cost of the system.  Beyond this, the sample trolley has been more
expensive to maintain over its first year of operation but is expected to have some future
advantages in brake maintenance as well as lack of diesel particulate filter maintenance. 
However, even with its lower energy cost, it still ends up at more than $10/km overall which is
about four times the cost of any of the other options.  This is emphasized by Table 7.2 and Figure
7.1 which show the overall cost per km of service and the breakdown of that cost into the
components as discussed above.  To be competitive on a cost basis, the trolleys themselves would
need to cost less than half what they do now and the trolley system would need to cost less than
10% of what it is currently costing to keep running.

An important question is whether future inflation will change this outcome.  At the most
basic level, future inflation will favour options which have a high initial cost but lower future
operating costs.  This would tend to shift the choice in favour of hybrids which currently cost
more but will deliver lower fuel and maintenance costs over their lifetime.  

The trolley option also has a higher initial capital cost for the bus and this counts against it
when the bus lifetime is expected to be the same, based on corrosion.  However, the largest cost
component with the hybrid option is the on-going cost of supporting and maintaining the trolley
network.  Since this cost is spread out over the future life of the trolleys, and is larger than the
trolley energy cost, inflation would tend to increase the future costs of the trolleys, making the
trolley choice even less attractive.  

The bottom line is that, for a short-distance / heavy-duty route such as operated by current
trolleys, the bus and system capital cost is the greatest contributor to bus operating cost in all
cases.  This is doubly so with the trolley option which (a) costs more for the bus itself and (b)
comes with a commitment for continued system expenditures to keep the trolley system
operational.  With the length of trolley system in Edmonton and the number of trolley buses
operating on it, this commitment is a greater cost per kilometre than the cost of the buses
themselves.
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Emissions Discussion 1:

Before discussing emissions, it is worth reinforcing the point that our perception of ‘dirty’
diesel buses may be changing as this decision is being made.  Through the 1970s and 1980's,
diesel engines lagged behind when tight emission standards were applied to spark ignition
engines.  However, as Figure 7.2 shows, the emission limits for diesel engines have been greatly
reduced over the past decade and two changes of emission standard are affecting the evaluation
program.  The first is the 5-fold reduction in allowable particulate matter (PM) emission level
required for 2007 and subsequent model years.  The hybrid buses being evaluated over the past
year were delivered with 2006-standard engines.  While the hybrid drive allows those buses to be
cleaner than comparable 2006 buses, the 2007 baseline buses have lower particulate emissions
and it is notable that, after almost a year of operation, the inside of the tailpipe is still shiny clean. 
The other change is to the oxides-of-nitrogen (NOx) emission standard.  A two-fold reduction in
allowable emissions was enforced for the 2007 model year, again making the baseline diesel bus
cleaner than the 2006 hybrids.  A further 6-fold reduction is planned for the 2010 model year at
approximately the time that the planned bus purchase is due for delivery.  The overall tightening
of diesel emission standards makes “standard” diesel buses considerably cleaner and reduces the
inherent advantage that hybrids and other advanced technologies had in earlier times.  The basic
diesel is using advanced technologies to lower emissions considerably below those of the 2006
engines being evaluated.  

Figure 7.2 Graphs of PM and NOx Exhaust Emission Standard Changes since 1988 
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Emissions Discussion 2: 
Emissions are categorized as:

-local criteria pollutants (NOx, PM, CO, HC), 
-regional acid rain precursor pollutants (NOx and SOx), and
-global warming pollutants (CO2 and other GHG’s).

Electric trolleys have the advantage that they produce no local, on-street emissions while they
run.  However, the on-street emissions of the back-up replacement buses used during trolley
system outages need to be considered as do the regional emissions produced at the site of
electrical generation.    Based on the emission dynamometer testing simulating heavy duty
operation, and with electrical emission rates taken as an average of Genessee 3 and conventional
Alberta grid power plants, the predicted emissions are as shown in Table 7.3 and Figure 7.3.  The
emissions of future hybrid engines have been assumed to have a similar advantage over baseline
as the present ones have over the 2006 bus engines...ie. a modest advantage in criteria pollutants
and a significant advantage in GHG emissions.  The diesel and electrical GHG emissions have
not been adjusted for a full LCA approach.  A simple approach to such an analysis (based on
GREET or Environment Canada inventory data) would suggest about 20-25% increase in diesel
GHG emissions to account for petroleum production and refining plus about 10%-20% on
electrical GHG emissions to account for coal mining, transmission losses and trolley network
support activities.  This topic has been identified as an important area for future work to provide
reliable data in an Edmonton context.

Table 7.3 Emissions Comparison on kg/km and g/km Basis

Clean Diesel Hybrid 1 Hybrid 2 New Trolley
(+20% Backup)

GHG (CO2e) kg/km 1.966 1.725 1.581 1.93

2007 NOx (g/km) 3.83 3.74 3.83 2.88

2010 NOx (g/km) 0.64 0.62 0.62 2.23

PM 10 (g/km) 0.0472 0.0495 0.019 0.48

HC (g/km) 0.0251 0.0199 0.003 0.01

CO (g/km) 0.37 0.341 0.042 0.07

SOx (g/km) 0.0183 0.016 0.015 2.62

Figure 7.3 
GHG Emission Comparison 
(based on Edmonton-area coal-fired
plants)
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Figure 7.4 Acid Rain Emission Comparison (based on Edmonton-area coal-fired plants)

Immediate observations from these data are that:
1.  At this level of analysis, there is relatively little difference in GHG (CO2) emissions between
the baseline diesel and the trolley.  Adjustments with upstream life cycle assessment will
probably favour the trolley option but the differences will still not be large.  The hybrids have a
significant advantage in GHG emissions due to their lower fuel consumption.  This advantage
would remain when the numbers are increased by LCA inclusion of more upstream emissions.

2.  Even before the inauguration of 2010 standards, the diesel buses have a significant advantage
in emissions of regional interest ( NOx and SOx) due to using a lower sulphur fuel and meeting
current NOx control standards.  These advantages will probably survive any LCA analysis that
expands upstream emissions at the refinery and power plant.  If the power was contracted from a
non-combustion source, this could change.  However, it is not clear that any non-combustion
source with sufficient capacity will become available in time to contribute significantly over the
next 18 years. 

3.  With 2007 emission standards, the diesel buses emit only about 10% as much particulate
matter as the power plant supplying the trolley.  

Other criteria pollutants (UHC and CO) show some significant numerical differences but they are
generally at the level where they are considered negligible for both diesel engines and electricity
generation. 

An important consideration with the trolley option is that it essentially eliminates local
on-street emissions while it is running. However, it does this at a high cost.  It is possible to
calculate the cost (in $ per ton) of each emission avoided by taking the difference in emissions
compared with baseline from Table 7.3 and dividing by the difference in cost compared with
baseline from Table 7.2.  Following this approach for GHG reductions (and using the lower
Alberta-grid GHG numbers for the trolley option) would give a calculation like:

For trolleys:
 ($10.26 /km - $2.25 /km)    * 1000 kg    =    $72,800 / Ton of CO2 avoided.
(1.97 kg/km - 1.86 kg/km)        Ton
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For hybrids:
 ($2.52 /km - $2.25 /km)    * 1000 kg    =    $692 / Ton of CO2 avoided.
(1.97 kg/km - 1.58 kg/km)        Ton

Typical prices for avoiding CO2 emissions are on the order of $15 per ton or less so, if the
objective is to reduce GHG emissions, there would be other more effective ways of investing the
funds.  

Similar calculations for criteria pollutants avoided at the street level, (ignoring the
emissions displaced to the power plant in the case of the trolleys), also give very high costs per
mass of pollutant avoided.  Even though emissions reduction forms one of the criteria for
choosing a transit bus option, the emission differences between the options are relatively small
compared with the cost differences between the technology choices being considered. 
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Appendix A: Buses, Instrumentation and Measurements

A.1.  The Buses

Thirteen Edmonton Transit buses were tested in this study include a new trolley, a baseline old
trolley, three types of hybrid electric bus and two types of baseline diesel bus.  Table A.1 lists a
few details of the test buses.  The new buses are all 40 foot buses capable of carrying equivalent
passenger configuration including low floor, wheelchair ramp, et cetera.  They include three
different hybrid electric configurations and a new trolley plus a number of baseline buses chosen
for specific reasons.  To provide a mileage and maintenance baseline for the new trolley, two
existing trolleys were included in the study.  To provide a maintenance, performance and
emissions baseline for the hybrid buses, (certified to 2006 emissions standards), a pair of 2006
diesel buses were included in the study.  To examine the maintenance, performance and
emissions effects of the incoming 2007 emissions standards, a pair of 2007 diesel buses were
also included in the study.

Over the course of the study, it became clear that a series of issues relating to the New Flyer -
ISE hybrids would prevent them from going into service in time to put on significant mileage. 
Hence, although these buses did manage to take part in various aspects of the study, they are not
being considered further.

Table A.1 Summary of Buses Involved in New Technology Study

Technology Make & Model Model
Year

Curb Weight
(kilograms)

ETS Bus
Number

Existing Trolley BBC 1982 9,830 0120, 0121

New Trolley New Flyer / Kieppe 2006 14,320 6000

Base Diesel New Flyer D40LFR 2006 12,670 4498, 4500

Hybrid 1 New Flyer Allison Parallel 2006 14,030 6001, 6002

Hybrid 3 New Flyer ISE Series 2006 14,440 6003, 6004

Hybrid 2 Orion VII - BAE Series 2006 15,295 6005, 6006

2007 Diesel New Flyer D40LFR 2007 13,010 4553, 4554

It is worth noting that the hybrid buses being considered were ordered at a point where they are
certified to comply with 2006 emission standards.  However, buses currently being purchased
comply with the 2007 emission standards which require a 5-fold reduction in particulate
emissions (hence diesel particulate filters) as well as a 2-fold reduction in NOx emissions.  The
2006 diesel was included in the comparison study to provide an emissions baseline for the 2006-
standard hybrids and the 2007 bus was included to see whether the new emission standards
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provided a notable improvement in emissions and whether that led to significant costs in terms of
performance, maintenance or fuel consumption.  This is important since the planned purchase is
scheduled as 2010 emission standard buses ... with another 6-fold reduction in NOx emissions.

A.2.  The Instrumentation

The test buses have been instrumented to record their actual use as well as study their in-service
performance on the streets of Edmonton.  The recording instruments were dataTaker DT-80
digital data acquisition systems coupled with dataTaker CANgate bus interface modules and
Garmin GPS18-LVC global positioning modules as shown in Figure A.1.  These units can read
and record data from the J1939 network run by the bus CPU (central processing unit).  They can
also read and record three dimensional global position (latitude, longitude and altitude) from the
GPS unit.  Finally, they have the capability to monitor a range of analog voltage or current
signals to directly monitor transducers not already converted to digital form. The units are
capable of recording a set of parameters many times per second but were generally set to record
once per second for these tests.  They were equipped with a large internal memory capable of
recording parameters once per second over a period of many weeks of operation.  The recorded
data values were periodically downloaded to a laptop computer using a USB interface cable.

Figure A.1 Data Acquisition and Recording Equipment 
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A total of twelve dataTaker units were installed in the test buses, (one for every bus except the
#120 trolley, which was only used to monitor maintenance requirements).  The units were set up
to receive power up as the bus started and to start recording data every second that the bus was
turned on.  Custom interface cables were used to link the components together, provide power
and connect to the vehicle J1939 CANbus.  For the BBC trolley being monitored, which does not
have a J1939 CANbus, the dataTaker was mounted inside the analog computer box that controls
trolley operation and connected directly to a set of the analog monitoring points for such
variables as motor voltage, current, speed and various control inputs.

In addition to the University of Alberta instrumentation installed in the buses, certain of the
buses were fitted with additional instruments such as automatic passenger counters (APC’s) and
automated refill fuel recorders.  It was originally planned that these instruments would be used to
provide additional information to enhance the study.  However, there were problems and delays
in getting those instruments installed so in the end they were only available in certain buses and
were only used for a few confirmatory tests.

3. The Measurements

Although the J1939 CANbus for heavy duty vehicles is defined by SAE standards, its
implementation is not uniform between manufacturers or between models so slighlty different
parameters were measured on each bus.  However, a typical set of values for basic bus operation
would be given by Table A.2.

Table A.2.  Parameters recorded on bus 4553, 2007 New Flyer Diesel

Channel            Parameter                                          Label                           
R1 Front Axle Speed VEHICLE_SPEED~km/h
R2 Engine Speed ENGINE_SPEED~rpm
R3 Total Vehicle Distance DASH_MILES~m
R4 Battery Potential / Power Input 1 BAT_VOLT~V
R5 Engine Fuel Rate ENG_FUEL_RATE~L/h
R6 Accelerator Pedal Position 1  EAC2APP 1~% *
R7 Engine Coolant Temperature  ET1EngineCoolT~deg *
R8 Latitude in Degree LatD~Deg *
R9 Latitude in Minute LatM~Min *
R10 Longitude in Degree LonD~Deg *
R11 Longitude in Minute LonM~Min *
R12 Altitude Altitude~m *

By applying the varying vehicle speed to a vehicle dynamic model, the vehicle tractive power
can be monitored.  Coolant temperature indicates the cold-start/warmed-up state of the engine. 
Accelerator Pedal Position (and Brake Pedal Position on some units) indicates driver demand on
the vehicle.  The ratio of engine speed to vehicle speed indicates transmission gear.  The ratio of
fuel rate to tractive power indicates overall powertrain efficiency.  Latitude, Longitude and
Altitude are useful for measuring position in Edmonton and whether hills are influencing
operation.
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Another aspect of this study, (conducted by Dr. Andy Knight at University of Alberta),
involves research on the energy storage demands of hybrid electric vehicles.  For the hybrid
buses additional parameters were measured relating to electric currents, battery voltages, state of
charge and powertrain operating mode.  That study is on-going and no results are discussed here.

On the new trolley, very few of the J1939 standard parameters were available on the
CANbus with the result that the only measurement being made was vehicle speed.  On the old
BBC trolley, which had no digital data bus, a number of analog voltages were measured in the
analog control computer, providing measures of motor current, line voltage, vehicle speed, motor
pedal and brake pedal.

END of Appendix A
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Edmonton New Technology Buses Evaluation Project 
 
Noise Measurement Test Results:  (Hybrids, Diesels & Trolleys) 
December 31, 2007 
 
1. ABSTRACT 
 
This noise measurement test report is one element in a series of reports detailing the test 
procedures and results in a year-long evaluation comparing various new technology and 
current technology transit buses.  The overall evaluation involves performance, costs and 
environmental effects of several transit bus technologies including:  2006 diesel, 2007 
clean diesel, parallel hybrid electric, series hybrid electric, advanced electric trolley and 
existing electric trolley.  
 
This report specifically summarizes the results of sound level testing conducted on six 
diesel-fuelled buses and two electric trolleys.  The diesel-fuelled buses were tested at 
Namao Armed Forces Base on September 18th and 19th, 2007.  That test included a 
conventional diesel 2006 bus (4498), a conventional diesel 2007 bus with DPF (4554) 
and the three different hybrid electric bus technologies, (6001, 6003, 6005 and 6006).  
Both Orion hybrids (6005 and 6006) were tested to provide a measure of test and bus 
model repeatability.  The two trolley buses were tested on 80th Street adjacent to the 
Cromdale garage on October 20th, 2007.  The New Flyer-Allison parallel hybrid (6001) 
was re-tested at the same time to provide a link between the idealized airport test setting 
and the less idealized situation testing along a street with a trolley line. 
  
The test background, methodology and procedure are described in detail in a May 9 
report titled “Sound Level Measurements - Test Plan [1].  To summarize, noise levels for 
each bus were measured in 8 specified driving conditions, including idle, acceleration, 
stopping, cruising and high speed run.  Each condition was repeated 3 or 4 times and the 
maximum A-weighted decibel reading was noted at two points inside the bus (front and 
rear) and at one point outside and 15 m to the side of the bus lane as it passed by.  For the 
high speed run, no pass-by measurement was taken … only on-board readings.  Due to 
the limitations of the on-street test site for the trolleys, no high speed runs were taken.   
 
These sound level measurements provided some expected results.  For operating buses, 
the highest noise levels were at the back of the bus, it was quieter at the front of the bus 
near the driver and the quietest position was outside the bus fifty feet away.  Noise levels 
were below the threshold for concern about hearing damage but were high enough to be 
irritating in some buses.  The new trolley was the quietest bus overall.  The range of 
hybrid buses provided both the highest and lowest noise levels with the straight diesel 
buses falling between.  Considering the noise at the rear of the bus, the highest one-
condition noise level was found in the New Flyer ISE series hybrid (ie 6003) during a 
high speed run.  The highest average noise level for all test conditions was in the New 
Flyer Allison Parallel hybrid (ie 6001).  The non-hybrid buses were a little quieter than 
these two New Flyer hybrid types and the Orion parallel hybrids (ie 6005/6006) had 
significantly lower noise levels at their worst location, (ie back of the bus).   
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2. Sound Level Measurements  
 
2.1 Test Buses and Test Dates 
 
The complete set of new bus technologies under study is: 
Baseline: Model Year Bus Number
2 New Flyer - Diesel buses (D40LFR)   2006 4498,4500 
2 New Flyer - Clean diesel buses (D40LFR)   2007 4453,4454 
   
Hybrid Electric:   
2 New Flyer - Allison Parallel hybrid buses (DE40LFR)   2006 6001,6002 
2 New Flyer - ISE Series hybrid buses (DE40LFR)   2006 6003,6004 
2 Orion - BAE SERIES hybrid buses (ORION VII)   2006 6005,6006 
   
Trolleys:   
2 BBC  Trolley Buses (existing)  1982 121,150 
1 New Flyer Kiepe Trolley Bus (E40LFR)   2007 6000 
 
Six of the buses capable of independent operation, (ie not trolleys), were noise tested at 
CFB Namao on September 18 and 19, 2007: 

6001 New Flyer - Allison Parallel hybrid bus 
6003 New Flyer - ISE Series hybrid bus 
6005 Orion - BAE series hybrid bus 
6006 Orion - BAE series hybrid bus 
4498 New Flyer 2006 diesel bus 
4553 New Flyer 2007 diesel bus. 
 

The Namao site provided an idealized location for standard noise test measurements. It 
was completely flat and open with no competing traffic noise and no noise-reflective 
buildings or signs.  It also provided room for testing bus acceleration up to approximately 
80 km/hr and acceleration performance was tested for each bus type.  Only one problem 
occurred during the Namao tests.  While testing bus 6001, the sound level meter at the 
front, inside location failed so those measurements were missed. 
  
On October 20, 2007, two trolleys and one diesel hybrid bus were noise tested using the 
North-bound lane of 80th Street adjacent to the parking lot North of Cromdale garage:   
Tested buses were: 121 BBC Trolley 

6000 New Flyer Kiepe Trolley bus 
6001 New Flyer - Allison Parallel hybrid bus. 
 

Trolley lines tend to run in congested areas so it is difficult to find a noise test location  
with trolley lines and without excessive traffic and noise-reflective buildings over a 
sufficient length for noise testing.  The 80th Street site just North of the Cromdale garage 
met minimum requirements for sufficient clearance from buildings across the street and 
was marginal for acceleration /braking distances for the noise tests.  Some test runs were 
repeated due to interference from traffic noise.  To provide a comparison with the more 
idealized runway tests and to replace the measurements missed earlier, hybrid bus 6001 
was re-tested alongside the trolleys.  This re-testing confirmed that the second set of tests 
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was equivalent to the first for those tests that were directly comparable … ie excluding 
the higher speed runs at Namao.  
 
 
 
2.2 Test Equipment: 

 3 sound level meters (for 2 locations inside the bus and 1 exterior) meeting 
Type 1 or S1A requirements of ANSI Specification for Sound Level Meters 

 1 sound level calibrator accurate within 0.5 dB 
 1 anemometer accurate within 10% at 19 km/h (12 mph). 
 Cones, Marking tape, Tape measure (3m and 30m) 
 4 Tripods 1.20 m (4 ft) height 
 Two-way radios for coordinating test runs 

 
 
 
2.3 Test Personnel: 

 Bus driver, (varied with bus) 
 3 meter reading personnel: 

o Sandra Wolf Lange / Paitoon Kongsereeparp (bus interior) 
o Dan Handford (bus interior) 
o David Checkel (exterior) 
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2.4 Test Sites: 
 
a. CFB Namao 
 
The desired test surface for all SAE noise test procedures is a highly reflective uniform 
asphalt plane surrounded by an extensive open space to prevent echoes and sound 
distortion.  The first set of tests was performed at CFB Namao, on the north-east taxi way 
off the main runway, (see Figure 1 below).  This site provided a suitably flat, open 
surface surrounded by open fields.  Background exterior noise levels were typically 30 to 
40 dBA which is considerably below the noise levels recorded with a bus present. 
 
 
 

 
 
 
Figure 1. Satellite view of CFB Namao showing NE taxi way used for noise testing. 
  Note that NE taxi way is approximately 600 m long and surrounded by 
  flat agricultural fields. 
 
 
 

NE taxi way 



Edmonton New Technology Buses Evaluation  Appendix B 
Noise Measurement Test Results: December 31, 2007               page 6/25 

The ideal noise test lane has a 30 m clearance from any noise-reflective walls or surfaces 
and allows for a microphone position 15 m to one side of the lane, which is also 30 m 
from any reflective surfaces, (as shown diagrammatically in Figure 2) 
 

 
Figure 2.  Test lane specified for SAE vehicle noise testing, (eg [1] to [6]), is a straight 
lane 30 m long with an external microphone 15 m to one side and 1.2 m (4 ft) above the 
asphalt. 
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At Namao, a test lane was set up near the middle of the taxi-way length and close to the 
South-East edge of the taxi-way, as shown diagrammatically in Figure 3.   This test lane 
was marked by cones to position the bus at repeatable locations relative to the external 
microphone for idle, acceleration, deceleration and cruise-by noise level testing.  Wind 
speed and air temperature were also monitored at the external microphone site.  A high 
speed acceleration run used the full length of the taxi-way (approximately 600 m) for 
acceleration runs to speeds around 80 km/hr and subsequent deceleration. 
 

 
 
Figure 3. Hybrid Bus 6005 located at centre of test lane, 15 m from external observer 
station with sound level meter, anemometer and thermometer. 
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b. 80 Street North of Cromdale Garage 
 
Finding a noise test site for trolleys involved searching for a suitable length of street 
equipped with trolley wires, which could be shut down for testing and which had suitable 
clearance from noise-reflective surfaces.  The chose site was on 80th Street immediately  
North of Cromdale bus garage.  The required clearances were obtained, (marginally) due 
to a break in the houses on the West side of the street and a parking lot on the East side of 
the street.   The exterior test location was located in the parking lot 50 feet (15 m) from 
the curb location and traffic was blocked off the block between 116th and 117th Avenues 
for a short period. At this location, background noise levels were generally below 50 dB 
but there were periodic disturbances from other traffic and some test runs needed to be 
repeated due to background noise 

 

Figure 4. Cromdale noise test site.
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2.5 Test Protocol: 
 
  Operating Conditions 
 
The test protocol is defined in detail in “Sound Level Measurements – Test Plan”, S.W. 
Lange & M.D. Checkel,  May 9, 2007 [1].  Basically noise levels were measured with the 
bus turned off and at eight operating conditions.  The test conditions were: 
 

M1. Bus off. Background noise level. 
M2. Bus idling.  Air Conditioning and accessories OFF. 
M3. Bus idling. Air Conditioning and accessories ON. 
M4. Bus accelerating from a stop.  (Start with door at start of acceleration test lane). 
M5. Bus accelerating from 30 km/h cruise, (as bus reaches start of acceleration lane). 
M6. Bus cruising through test lane at 30 km/hr steady speed. 
M7. Bus cruising through test lane at 60 km/hr steady speed. 
M8. Bus stopping from 50 km/hr. (Stop with door at end of acceleration test lane). 
M9. Bus accelerating from a stop to maximum safe speed, as limited by conditions of  
  test site.  The 600 m taxi way length permitted speeds reaching around 80 km/h. 
 

For the Namao test site, the in-lane test conditions (M2 to M8) were typically repeated 
four times, with the bus going opposite directions through the test lane so that the exterior 
measurement was effectively made from each side, twice.  The high speed test condition 
(M9) was repeated two or three times.   
 
For the 80th Street test site, the in-lane test conditions were typically repeated four times 
with the bus backing up to take subsequent runs.  All runs at this site were run in a 
Northward direction and all exterior measurements were made from the East (Right) side 
of the bus.  This would have been a limitation with diesel buses (because the exhaust tip 
is on the Left side of the bus) but was deemed acceptable for the trolley buses.  Because 
of the limited test lane length, the peak speeds were lower and the high-speed 
acceleration test (M9) was not run at this site.  Again, this is not considered a serious 
limitation for the trolleys which typically operate on streets with 50 km/hr speed limits 
and are probably speed limited to 70 km/hr or less. 
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Measurements 
 
Sound level measurements were made at three different test points.  For the in-lane test 
conditions (M2 to M8), noise measurements were made both interior and exterior to the 
bus.  For the high-speed acceleration test (M9), only interior measurements were made. 
 
Interior: 

Interior/Front.  The sound level was measured at the front-most passenger seat 
position on the Right side of the bus and the approximate height of the passenger’s ear.  
This is effectively just behind the right front wheel cover. 

Interior/Rear.  The sound level was measured using a tripod-mounted microphone 
placed just in front of the rear row of seats and at the approximate height of the 
passenger’s ear. 

 
Exterior 

Exterior.  The measurement point was 15 m (50 ft) to the side of the test lane and 
1.2 m (4 ft) above the asphalt surface. 
 
In each case, the measurement personnel observed sound level meter (set to read dBA on 
the Fast setting) and recorded the highest reading observed during the specified 
maneuver,  (eg from start time to clearing the accel lane for M4).  Measurements were 
recorded on paper during the test and averaged (linearly) using a spreadsheet later. 
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3. Noise Measurement Results 
 
3.1 Sound Level Reading Results For Bus 6001  

New Flyer Allison Parallel Hybrid 
 

 
 
Table 1: Record of sound level results for bus 6001 in dBA.  
 
The 9 measurement test conditions (M1 through M9) provide 9 columns. 
The measurement positions (interior front, interior rear and exterior) are arranged in rows.   
Exterior measurements are accompanied by wind speed (m/s), bus direction (North=Left side to 
microphone / South=Right side to microphone) and air temperature (°C).  
Lowest dBA values are highlighted in green and highest dBA values in yellow. 
 
Bus 6001 (New Flyer Allison parallel hybrid) was typical in having the highest sound 
levels at the interior rear seating position, (directly over the drivetrain), and the lowest 
sound levels at the interior front seating position, (close to the driver).  External noise 
levels generally fell between these two extremes and showed a marginally higher value 
on the Left (exhaust tailpipe) side of the bus than the Right. 
 
For bus 6001, the noisiest operating condition was Mode 5 (accelerating from 30 km/hr) 
with an average noise level of 86 dBA at the rear.  The high speed acceleration run from 
0 to 80+ km/hr came close at 85.5 dBA.   
 
When this bus was re-tested later on 80th Street, the highest noise level modes were 
avoided since speeds were limited by the limited space available. 
 
Using a simple linear average of the measured noise levels for all modes gave the results: 
 
Front Interior: 56.2 dBA 
Rear Interior: 78.7 dBA 
Exterior: 64.7 dBA
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3.2 Sound Level Reading Results For Bus 6003 

New Flyer SE Series Hybrid 
 

 
 
Table 2: Record of sound level results for bus 6003 in dBA.  
The 9 measurement test conditions (M1 through M9) provide 9 columns. 
The measurement positions (interior front, interior rear and exterior) are arranged in rows.   
Exterior measurements are accompanied by wind speed (m/s), bus direction (North=Left side to 
microphone / South=Right side to microphone) and air temperature (°C).  
Lowest dBA values are highlighted in green and highest dBA values in yellow. 
 
Bus 6003 (New Flyer SE series hybrid) also showed its highest noise levels at the interior 
rear seating position.  For this bus, the exterior noise levels were marginally lower than 
those at the front interior seating position.  The highest overall noise level was 89.5 dB, 
recorded during the high speed acceleration run.  This was the highest single-mode 
reading for any of the bus technologies tested.   
 
Despite having the highest single-mode noise reading, the noise levels in other operating 
modes were relatively lower so the average noise level for all test modes was lower than 
that for the 6001 (New Flyer Allison parallel hybrid).  Using a simple linear average of 
the measured noise levels for all modes gave the results: 
 
Front Interior: 67.4 dBA 
Rear Interior: 76.7 dBA 
Exterior: 64.5 dBA 
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3.3 Sound Level Reading Results For Bus 6005 

Orion BAE Parallel hybrid 
 

 
 
Table 3: Record of sound level results for bus 6005 in dBA.  
The 9 measurement test conditions (M1 through M9) provide 9 columns. 
The measurement positions (interior front, interior rear and exterior) are arranged in rows.   
Exterior measurements are accompanied by wind speed (m/s), bus direction (North=Left side to 
microphone / South=Right side to microphone) and air temperature (°C).  
Lowest dBA values are highlighted in green and highest dBA values in yellow. 
 
Bus 6005 (Orion BAE parallel hybrid) was typical in showing its highest noise levels at 
the interior rear seating position during high power acceleration and its lowest noise 
levels at the exterior measurement point during idling.  However, the highest overall 
noise level was only 76 dB which is considerably lower than the values for other hybrid 
technologies.  In fact, the interior rear noise levels were so low that the interior front 
levels exceeded them in several operating modes. 
 
Using a simple linear average of the measured noise levels for all modes gave the results: 
 
Front Interior: 70.1 dBA 
Rear Interior: 70.4 dBA 
Exterior: 64.5 dBA 
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3.4 Sound Level Reading Results For Bus 6006 

Orion BAE parallel hybrid 
 

 
 
Table 4: Record of sound level results for bus 6006. 
The 9 measurement test conditions (M1 through M9) provide 9 columns. 
The measurement positions (interior front, interior rear and exterior) are arranged in rows.   
Exterior measurements are accompanied by wind speed (m/s), bus direction (North=Left side to 
microphone / South=Right side to microphone) and air temperature (°C).  
Lowest dBA values are highlighted in green and highest dBA values in yellow. 
 
Bus 6006 is a same-model repeat of bus 6005 and the overall noise levels were very 
similar.  The one difference was a lower idling noise level (55 dBA) at the interior front 
seating position, making that measurement location and operating condition the quietest 
point.  As with other cases, the interior rear was the loudest measuring point / condition 
combination with an average noise level of 74.3 dBA.   
 
Using a simple linear average of the measured noise levels for all modes gave the results: 
 
Front Interior: 69.8 dBA 
Rear Interior: 67.8 dBA 
Exterior: 65.7 dBA 
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3.5 Sound Level Reading Results For Bus 4498 

New Flyer 2006 Diesel  
 

 
 
Table 5:  Record of sound level results for bus 4498 in dBA.  
The 9 measurement test conditions (M1 through M9) provide 9 columns. 
The measurement positions (interior front, interior rear and exterior) are arranged in rows.   
Exterior measurements are accompanied by wind speed (m/s), bus direction (North=Left side to 
microphone / South=Right side to microphone) and air temperature (°C).  
Lowest dBA values are highlighted in green and highest dBA values in yellow. 
 
As a conventional diesel-powered bus, 4498 had generally higher noise levels at the rear 
of the bus and its noisiest operating condition was during the high speed acceleration with 
a reading of 84.3 dBA.  
 
It is interesting to note that the consistent 72 dBA measured from the exterior location 
during stopping (mode 8) was associated with the air release noise after the end of 
braking.  
 
Using a simple linear average of the measured noise levels for all modes gave the results: 
 
Front Interior: 68.4 dBA 
Rear Interior: 76.0 dBA 
Exterior: 69.2 dBA 
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3.6 Sound Level Reading Results For Bus 4553 

New Flyer 2007 Diesel 
 

 
 
Table 6:  Record of sound level results for bus 4553 in dBA.  
The 9 measurement test conditions (M1 through M9) provide 9 columns. 
The measurement positions (interior front, interior rear and exterior) are arranged in rows.   
Exterior measurements are accompanied by wind speed (m/s), bus direction (North=Left side to 
microphone / South=Right side to microphone) and air temperature (°C).  
Lowest dBA values are highlighted in green and highest dBA values in yellow. 
 
As a diesel-powered bus with a particulate trap, 2007 and later buses like 4553 might be 
expected to be marginally quieter than prior diesels.  Like most of the other buses, the 
loudest noises are at the interior rear seating position during the high speed acceleration.  
However, the peak noise level is somewhat lower at 81.7 dBA (compared with 84.3 dBA 
for the 2006 diesel bus). 
 
 Using a simple linear average of the measured noise levels for all modes gave the results: 
 
Front Interior: 67.8 dBA 
Rear Interior: 75.1 dBA 
Exterior: 64.8 dBA 
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3.7 Sound Level Reading Results For Bus 0121 

1982 BBC Trolley  
 
0121: 2007-10-20 M 1 M 2  M 3  M 4  M 5  M 6  M 7  M 8  M 9  
Measurement Location: SL SL SL SL SL SL SL SL SL
Interior Front 35 52 69 60 65 57 70 68

35 52 69 62 66 59 67 69
35 52 69 61 64 61 69 68

60 65.5 60 70 72
Average 35.0 52.0 69.0 60.8 65.1 59.3 69.0 69.3 ####

SL SL SL SL SL SL SL SL SL
Interior Rear 35 62 66 68 74 66 77 76

36 62.5 66 74 74.5 66 78 77
37 63 65 72 75 65 77 78
36 62 67 70 75 65 77 79

Average 36 62.4 66 71 74.6 65.5 77.3 78 ####

SL WS WD T SL WS WD T SL WS WD T SL WS WD T SL WS WD T SL WS WD T SL WS WD T SL WS WD T
Exterior 47.3 49.2 48.6 60.1 65.6 57.1 69.7 69.7

47 48.8 48.8 61.3 65.4 59.0 69./4 68.1
48.5 48.6 48.7 61.5 66.2 59.0 69.5 68.1
47.6 48.4 48.5 62.1 65.9 58.0 68.5 68.3
46.9 60.9

Average 47.46 48.8 48.7 61 65.8 58.3 69.2 68.6  
 
Table 7:  Record of sound level results for bus 0121 in dBA.  
Only 8 measurement test conditions were used (M1 through M8).   
The final high-speed test condition was not available and irrelevant anyways. 
The 8 measurement test conditions (M1 through M8) provide 8 columns. 
The measurement positions (interior front, interior rear and exterior) are arranged in rows.   
Lowest dBA values are highlighted in blue and highest dBA values in yellow. 
 
As an electric trolley bus, # 121 was very quiet in operation.  The highest exterior noise 
level was only 69 dB and occurred with the bus cruising by at speed. 
The highest interior noise level was at the back of the bus during a hard stop and reached 
78 dB.  and interior noise levels were during a hard stop.  At the front of the bus, the 
loudest noise level was only 69 dB.  
 
Using a simple linear average of the measured noise levels for all modes gave the results: 
 
Front Interior: 59.9 dBA 
Rear Interior: 66.3 dBA 
Exterior: 58.5 dBA 
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3.8 Sound Level Reading Results For Bus 6000 

New Flyer 2006 Kieppe Trolley 
 
6000: 2007-10-20 M 1 M 2  M 3  M 4  M 5  M 6  M 7  M 8  M 9  
Measurement Location: SL SL SL SL SL SL SL SL SL
Interior Front 32 40 71 67 68 65 71 68

32 54 68 67 66 68 69
32 66 67 64 76 70

68 68 67 73 70
Average 32.0 47.0 71.0 67.3 67.5 65.5 72.0 69.3

SL SL SL SL SL SL SL SL SL
Interior Rear 38 52 70 75 74 72 74 76

35 46 69 76 74 71 75 75
36 52 71 74 73 68 78 75
34 46 70 75 74 71 * 74 * 76

Average 35.75 49 70 75 73.8 70.5 75.3 76

SL WS WD T SL WS WD T SL WS WD T SL WS WD T SL WS WD T SL WS WD T SL WS WD T SL WS WD T
Exterior 46.9 51.1 53.1 60.8 63.3 61.3 65.0 66.1

47.0 50.9 52.4 61.1 64.0 59.6 67.9 68.4
47.0 50.4 51.2 64.5 64.1 59.3 67.5 68.2

50.9 61.4 64.5 60.7 65.0 68.9
Average 47.0 50.8 51.9 62.0 64.0 60.2 66.4 67.9  
 
Table 8:  Record of sound level results for bus 6000 in dBA.  
The 8 measurement test conditions (M1 through M8) provide 8 columns. 
The measurement positions (interior front, interior rear and exterior) are arranged in rows.   
All exterior measurements are from the Right side of the bus.  
Lowest dBA values are highlighted in green and highest dBA values in yellow. 
 
As a new trolley, the 6000 was particularly quiet.  The interior was very quiet while 
idling with fans and accessories off (M2) and noise levels were significantly higher with 
fans and accessories on, but still on (M3) but still only 70 or 71 decibels.  The highest 
noise levels were reached during stops with 76 dBA at the rear seating area. 
  
 Using a simple linear average of the measured noise levels for all modes gave the results: 
 
Front Interior: 61.4 dBA 
Rear Interior: 65.6 dBA 
Exterior: 58.8 dBA 
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4.  Sound Level Results Comparison 
 

M1 M2 M3 M4 M5 M6 M7 M8 M9
Background Idle Idle+Acc Accel 0+ Accel 30+ Cruise 30 Cruise 60 Stop Accel 80 Loudest Loudest Average Average

Noise Noise Noise Noise Noise Noise Noise Noise Noise Noise as % Noise Noise
Level Level Level Level Level Level Level Level Level Level of Max Level Level

dB dB dB dB dB dB dB dB dB dB % dB %

6001 Front 22.5 57.0 72.5 52.3 51.5 47.5 55.0 54.8 72.5 90% 55.8 72%
Rear 35.5 64.0 75.5 79.3 86.0 75.5 81.4 82.8 86.0 107% 77.8 100%
Outside 58.0 58.3 67.0 69.5 64.3 70.5 65.0 70.5 88% 64.7 83%
Avg per mode 29.0 59.7 68.8 66.2 69.0 62.4 69.0 67.5 76.3 95% 66.1 85%
Loudest p mode 35.5 64.0 75.5 79.3 86.0 75.5 81.4 82.8 86.0 107% 77.8 100%

6003 Front 35.7 55.9 70.6 68.7 67.0 62.4 71.7 68.2 71.7 89% 66.3 85%
Rear 25.0 64.8 75.5 79.5 78.0 69.0 77.0 80.5 80.5 100% 74.9 96%
Outside 31.0 55.0 56.0 70.5 71.0 59.8 70.8 68.5 71.0 88% 64.5 83%
Avg per mode 30.6 58.5 67.4 72.9 72.0 63.7 73.1 72.4 74.4 92% 68.6 88%
Loudest p mode 35.7 64.8 75.5 79.5 78.0 69.0 77.0 80.5 80.5 100% 74.9 96%

6005 Front 40.0 64.2 67.9 73.7 74.3 68.8 70.2 72.8 74.3 92% 70.3 90%
Rear 30.8 62.1 66.4 72.4 73.1 69.5 71.0 73.0 73.1 91% 69.6 90%
Outside 58.1 59.4 70.1 69.8 63.6 66.1 64.5 70.1 87% 64.5 83%
Avg per mode 35.4 61.5 64.5 72.1 72.4 67.3 69.1 70.1 72.5 90% 68.1 88%
Loudest p mode 40.0 64.2 67.9 73.7 74.3 69.5 71.0 73.0 74.3 92% 70.5 91%

6006 Front 35.0 61.2 72.9 72.7 70.5 66.4 71.0 70.8 72.9 91% 69.4 89%
Rear 26.0 55.1 72.9 69.6 68.3 64.8 69.1 68.6 72.9 91% 66.9 86%
Outside 58.3 58.9 70.4 70.4 64.3 70.8 66.9 70.8 88% 65.7 84%
Avg per mode 30.5 58.2 68.2 70.9 69.7 65.1 70.3 68.8 72.2 90% 67.3 87%
Loudest p mode 35.0 61.2 72.9 72.7 70.5 66.4 71.0 70.8 72.9 91% 69.4 89%

4498 Front 33.2 54.9 72.4 71.1 70.1 67.1 69.5 67.2 72.4 90% 67.5 87%
Rear 23.8 62.0 75.9 77.1 78.8 74.5 75.8 79.5 79.5 99% 74.8 96%
Outside 59.1 59.2 78.5 77.8 68.3 69.5 72.0 78.5 98% 69.2 89%
Avg per mode 28.5 58.7 69.1 75.6 75.5 69.9 71.6 72.9 76.8 95% 70.5 91%
Loudest p mode 33.2 62.0 75.9 78.5 78.8 74.5 75.8 79.5 79.5 99% 75.0 96%

4553 Front 33.5 55.7 71.8 66.9 71.6 64.5 71.5 64.0 71.8 89% 66.6 86%
Rear 22.5 59.0 75.0 77.8 79.9 70.1 75.5 81.5 81.5 101% 74.1 95%
Outside 55.3 55.6 70.9 70.6 64.5 70.9 65.8 70.9 88% 64.8 83%
Avg per mode 28.0 56.7 67.5 71.8 74.0 66.4 72.6 70.4 74.7 93% 68.5 88%
Loudest p mode 33.5 59.0 75.0 77.8 79.9 70.1 75.5 81.5 81.5 101% 74.1 95%

6001 (2) Front 29.0 53.0 53.0 69.3 70.5 67.5 71.3 74.8 74.8 93% 65.6 84%
Rear 32.8 60.9 60.9 76.0 79.5 74.3 79.1 77.3 79.5 99% 72.6 93%
Outside 50.1 55.1 54.0 68.6 70.5 63.3 70.3 61.5 70.5 88% 63.3 81%
Avg per mode 37.3 56.3 56.0 71.3 73.5 68.3 73.6 71.2 74.9 93% 67.2 86%
Loudest p mode 50.1 60.9 60.9 76.0 79.5 74.3 79.1 77.3 79.5 99% 72.6 93%

0121 Front 35.0 52.0 69.0 60.8 65.1 59.3 69.0 69.3 69.3 86% 63.5 82%
Rear 36.0 62.4 66.0 71.0 74.6 65.5 77.3 77.5 77.5 96% 70.6 91%
Outside 47.5 48.8 48.7 61.2 65.8 58.3 69.2 68.6 69.2 86% 60.1 77%
Avg per mode 35.5 54.4 61.2 64.3 68.5 61.0 71.8 71.8 72.0 89% 64.7 83%
Loudest p mode 36.0 62.4 69.0 71.0 74.6 65.5 77.3 77.5 77.5 96% 71.0 91%

6000 Front 32.0 47.0 71.0 67.3 67.5 65.5 72.0 69.3 72.0 89% 65.6 84%
Rear 35.8 49.0 70.0 75.0 73.8 70.5 75.3 75.5 75.5 94% 69.9 90%
Outside 47.0 50.8 51.9 62.0 64.0 60.2 66.4 67.9 67.9 84% 60.4 78%
Avg per mode 33.9 48.9 64.3 68.1 68.4 65.4 71.2 70.9 71.8 89% 65.3 84%
Loudest p mode 35.8 50.8 71.0 75.0 73.8 70.5 75.3 75.5 75.5 94% 70.3 90%

Loudest, all buses 0.0 0% 78.7 100%
Quietest, all buses 70.1 78% 56.2 71%  

 
 
Table 7: Comparative table of all sound level measurement results 
The 8 measurement test conditions (M1 through M8) provide 8 columns, (Mode 9 is excluded). 
Four more columns are added at the end of the table.  The first two give the dBA value of the loudest test 
mode and a percentage comparison to the loudest test mode noise level of any bus.  The last two columns 
give the average dBA level of all test modes for the given measurement position as well as a percentage 
comparison to the loudest average. 
The measurement positions (interior front, interior rear and exterior) are arranged in rows for each bus.   
Lowest dBA values are highlighted in blue and highest dBA values in yellow. 
 
This measurement procedure produces a lot of information!  Considering 9 buses, 8 or 9 
test operating conditions and either 2 or 3 measurement locations gives 216 individual 
measurements, each with some significant information about how a bus will be 
perceived, either by its drivers, its passengers, or the surrounding public.   
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4.1 Loudest Noise in any Mode (excluding M9 high-speed acceleration run) 
 
Humans are particularly sensitive to the loudest noises they hear so the first way to rate 
and rank buses is by considering the loudest noise they produce in any mode.  For 
example, the peak noise levels measured during testing were generally measured from the 
rear interior of the bus.   
 
Interior Rear, Max 

  Loudest 
  Result 
  dBA 

6001 86.0 
4553 81.6 
6003 80.5 
4498 79.5 

6001(2) 79.5 
121 77.5 
6000 75.5 
6005 73.1 
6006 72.9 
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Figure 4.1a Comparison of loudest test mode noise levels at the interior rear position. 
 
The two Orion BAE buses (6005 and 6006) were the quietest buses.  The New Flyer / 
Allison hybrid (6001) was the noisiest when it was tested in an area with higher speed.   
The other diesels and hybrids fell fairly close together at 79.5 to 81.6 dBA.  The trolleys 
fell between with 75.5 dBA (for 6000) at the rear seats.  Since a difference of 3 dBA is 
generally considered quite significant, the wide range of noise levels (ie. 13 dBA or a 
range from 73 dBA to 86 dBA) is a very significant difference in peak noise level at the 
rear passenger seats. 
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Interior Front, Max 

  Loudest 
  Result 
  dBA 

6001(2) 74.8 
6005 74.3 
6006 72.9 
4498 72.9 
6001 72.5 
4553 71.8 
6000 72.0 
6003 71.7 
121 69.3 
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Figure 4.1b  Comparison of loudest test mode noise levels at the interior front position. 
 
Since drivers spend a lot of time in the bus, the loudest noise level at the front of the bus 
is also important.  Figure 4.1b compares these results and shows that the difference 
between buses is much smaller at the front of the bus.  Here, the primary noises are fans 
and the old trolley (121) has an advantage with less powerful / noise windshield fan.  The 
other buses all fall very close to one another (within 3 dBA). 
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Exterior, Max 

  Loudest 
  Result 
  dBA 

4498 78.5 
6003 74.0 
4553 70.9 
6006 70.8 
6001 70.5 

6001(2) 70.5 
6005 70.1 
121 69.2 
6000 67.9 
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Figure 4.1c  Comparison of loudest test mode noise levels measured from the exterior. 
 
From the outside, most of the buses had virtually identical peak noise levels of 70-
71 dBA.  The exceptions were the 6003 (New Flyer ISE hybrid) at 74 dBA and the 4498, 
(New Flyer 2006 diesel bus).  At 78.5 dBA, it was substantially noisier in accelerating 
away from stops than any of the other buses.  This illustrates the benefits of diesel filters 
and assistive hybrid systems.  However, the trolleys were the quietest with only 68dB for 
the new trolley.  
 
At the front of the bus, the loudest test mode was set more by fan operation than by 
drivetrain and all buses clustered quite close together in the 70 to 75 dBA range. 
 
As viewed from the street, the trolley was quietest at 68 dBA, most of the buses clustered 
at a respectable 70-71 dBA and the 2006 diesel was notably noisier at 78.5 dBA.
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5. Conclusions 
 
 
All values are below 90 dB, a value commonly taken as a threshold for hearing damage 

for continuous noise levels.  Since the peak noise levels are both below that value and not 

continuous, hearing damage due to noise levels is not a concern.   

 

In general, the noisiest location is the back of the bus close to the drivetrain.  At this 

location, both the loudest peak noise levels (86 dBA from 6003) and the quietest peak 

noise levels (73 dBA from 6005 and 6006) are associated with hybrids.  Hence, we 

cannot conclude that hybrid buses have any inherent advantage in terms of noise.  Rather, 

it shows the importance of good noise control.  At the back of the bus, the trolleys were 

slightly noisier than the Orion hybrids, most of the rest of the buses clustered around 

80 dBA and the Allison hybrid either fell into that cluster or rose above it if testing 

allowed slightly higher speeds. 
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Acceleration Curves
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Appendix C: Acceleration Tests

Traditionally, buses have been known for being heavy, under-powered and slower to
accelerate than the traffic around them, particularly on hills.  Current buses have both higher
power ratings and more transmission speeds.  Hence, acceleration tends to be vigorous enough
that consideration is given to tuning acceleration rates to limit the discomfort and danger to
standing passengers.  In this context, the old trolley buses were noted for strong acceleration and
it is interesting to compare the newer buses to them in terms of acceleration curves. 

Acceleration curves were measured using the on-board data acquisition systems during
bus accelerations with nearly empty buses.  Most of the acceleration curves presented here were
measured during noise testing since this took place under tightly controlled conditions running
on a level surface with a bus which only contained the operator, two observers and a small
amount of noise measurement equipment.  

Figure C.1 shows typical acceleration curves for all of the technologies.  The buses are not equal
but the range is interesting since the new trolley and the 2006 diesel tend to be the fastest while
the old trolley and the 2007 diesel tend to be the last to pass through each speed marker.  The old
trolley tended to lag a little as it first started out and then accelerate briskly after about a second. 
It’s unclear whether this is an inherent feature or driver preference but it also shows up in
general data acquisition on the street.  In contrast, the 2007 diesel tended to accelerate very
smoothly as it started off and continued accelerating at the same rate.  The two hybrid
technologies (parallel Hybrid 1 and serial Hybrid 2) both fell between the fastest and slowest
acceleration curves. (Note that Hybrid 1 was only accelerating to 50 km/hr in this test).

Figure C.1 Acceleration Curves for Test Buses (2 passengers only)
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Appendix D: In-Service Daily Records

This appendix is designed to record the available data gathered by recording daily mileages, fuel
refill amounts and maintenance activities.  It was originally intended that this data set would
provide the most concrete evidence of the service provided and cost factors associated with each
bus technology.

In practice, it proved difficult to get consistent records of daily mileage and fuel refill amounts. 
It had been planned that the information would be recorded automatically but the automatic
recording hardware and software could not be implemented in time to contribute to this project. 
The alternative of manually recording the information relied on operators and supervisors to
gather such information for several buses and it proved difficult to achieve any consistency.  To
calculate fuel consumption requires mileage to be recorded accurately two days in a row and the
fuel consumption to be recorded accurately on at least the second day.  Since there are
inaccuracies in achieving consistent fuel refills, it would be best if several subsequent refills
were recorded, thus allowing errors introduced one day to be eliminated by accounting for the
next day as well.  In practice, we have a large collection of occasional data which was only
sufficient to establish the accuracy of the on-board data acquisition system in measuring distance
travelled and fuel consumed.  That data collection is not yet formatted for this report and will be
produced as a supplementary report delivered later.

The other aspect of the daily records is the maintenance record of days in the shop and
maintenance costs based on the SAP system.  This record-keeping system proved to be more
robust and provided a valuable record of maintenance activities and costs.  Again, that collection
is not yet formatted for this report and will be included in the supplementary report on in-service
daily records.
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Appendix E: In-Use Data Acquisition Results

This section of the report documents the extensive data set gathered over more than 8 months of
bus operation.  For each bus one to two dozen parameters have been recorded for every second
of bus operation, amounting to many giga bytes of data recorded.

The computer programs used to pre-process, verify, correct, analyse and manipulate these bus
data files will also be described by this appendix.  My original intent was that this would actually
be part of a MSc of PhD thesis.  However, the students involved in this project are now off doing
other things and the press of actually doing the data processing and analysis has let the
documentation and organization of the data and programs fall behind.

This will be completed later as a supplementary report.

Figure E.1 shows a typical full-day record from a bus running Route 5.

Figure E.2 shows a brief part of a vehicle record, showing a single acceleration event.  
Note the engine speed oscillating and the acceleration rate dropping off as the bus goes up
through the gears.  Also note the tractive power rising to a fairly constant value for the duration
of this acceleration event.
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Figure E.1 Typical Operating Data for Route 5: Bus 6006 on Feb 28, 2008
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  Figure E.2 Recorded Data Parsed to Show a Single Acceleration: Buss 4498, Jan 4/08
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Appendix F: Emissions Testing Details and Results from Environment Canada

Any bus being purchased must be certified to meet current emission standards.  Those
standards are progressively tightening and the combination of emission controls and on-board
diagnostics are becoming more reliable so new buses should inherently be cleaner over their
lifetimes than equivalent-technology older buses that they are replacing.  However, there is a
certain degree of scepticism about emission controls and, particularly when differing
technologies are being compared, (diesel vs hybrid vs trolley), it is worthwhile trying to measure
their effectiveness.

In this study, there are two particular topics of interest:

1. How do the emissions of diesels, hybrids and trolleys compare when run under the same
heavy duty route conditions?  Answering this question requires:

-measuring relevant aspects of those route conditions and the way each bus technology
responds to them, 

-developing a test that loads the buses as if they were on the route,  
-measuring the emissions over the range of conditions, and
-producing a weighted measure of those emissions.

2. Given that the hybrids meet an obsolete emissions standard, (2006) and we have 2007
vehicles on hand, do the 2007 vehicles see the expected degree of advantage when tested
under the same conditions?  Answering this question is not a definitive test but it helps to
support the contention that 2010 buses will have the expected benefit in emissions compared
with 2007/8/9 buses.

 Emission testing is commonly carried out on a chassis dynamometer which allows the
vehicle to run on rollers with a simulated road load while the researchers are able to connect
stationary emissions measurement equipment to it. Tests use either a dynamic test schedule in
which the vehicle accelerates or decelerates just like it is on the road or a multi-mode test
schedule where the vehicle runs at a series of specified speed/load points and measurements are
made while it is stable at each point.  Running a dynamic test schedule requires a specialized
dynamometer that can simulate the vehicle’s rolling loss and inertia as well as a specialized
emissions sampling system that can average emissions over a period of time while compensating
for a wide range of power levels.  There are no such dynamometers in Edmonton.  

Running a multi-mode test schedule is less demanding of the dynamometer but requires
careful analysis to select appropriate test modes and weighting factors so that the vehicle can be
tested over the right range of operating conditions and the emissions produced can then be
numerically weighted and added to give a representative emission.  In this project, the test modes
were developed based on detailed analysis of data gathered by the on-board vehicle monitoring
systems while the buses were running a heavy-duty trolley route (Route 5).  A common set of 10
operating modes was developed covering speeds from 0 to 72 km/hr and tractive power levels
from 0 to 144 kW, as shown in Figure F.1.
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Each bus was tested by running it through these modes sequentially, spending about 10
minutes at each operating point to provide sufficient time for emissions measurements and
particulate filter sampling using a portable lab operated by Environment Canada researchers. 
The operating conditions proved problematic for some buses which could not actually reach the
desired power levels or could reach them but not sustain them once battery power was
diminished.  In every case, the approach was to match the specified speed while making abest
attempt to hold the specified power and to record the actual power produced.

The attached Environment Canada report (ERMD Summary Report #07-08S) describes
the measurement equipment and procedures used and presents emissions data with simple equal
weighting of the test modes.  Emissions values as measured by Environment Canada were
expressed on a grams per second basis.  The subsequent processing was as follows.  First, each
emission rate is adjusted to the correct power level by multiplying by a ratio of the specified test
mode power level divided by the actual power produced.  Next, the emission rate in grams per
second is multiplied by a mode weighting factor equal to the number of seconds that a particular
bus technology would spend in that operating mode during an hour of running the heavy duty
route (Route 5) and then divided by the distance travelled during that standard hour.  The result
is an emission value expressed in grams/kilometre and weighted according to the way an
individual bus technology actually responds to the demands of the heavy duty trolley route.  The
results do not necessarily correspond to certification values since the test conditions are quite
different.  However, they are useful for ranking the buses for their emission performance on a
route with the right energy and power levels for the heavy duty trolley route.

Figure F.1. Schematic of Bus Test Modes
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Based on test results for the various 2006 - emissions - standard buses, the following
observations could be made.  

-The NOx emissions for 2006-certified buses proved to be similar at 9.95 g/km,
9.71 g/km and 9.94 g/km for 2006 diesel, Hybrid 1 and Hybrid 2 respectively.  The hybrids had a
very marginal advantage over the 2006 diesel even though these steady-load test conditions did
not give hybrids any particular advantage, possibly because they used some battery charge
during the highest power modes.  

-When tested at the same conditions, the 2007-certified diesel bus would be expected to
have lower emissions than its 2006 counterpart because it meets a lower certification emission
standard, (1.2 g/kW.hr vs 2.5 g/kW.hr at certification test conditions).   On the ten-mode test
sequence, 2007 diesel buses produced 3.83 g/km which is about 38% of the 2006 level.  The
reduction in certification standards would have suggested a 48% level so this confirms that the
emissions were reduced in accordance with the change in certification standards.

-The particulate matter (PM) emissions provide another illustration of changing
standards.  The 2006 diesels averaged 0.14 g/km of particulate while Hybrid 1 averaged
0.15 g/km.  The Hybrid 2 models were certified to 2006 standards but had diesel particulate
filters installed.  They emitted only 0.06 g/km on average which was comparable but not quite
matching the 0.047 g/km emitted by the 2007-certified diesel buses.  These conditions don’t
match the certification test conditions because there are no significant transients and hence they
produce relatively low PM emissions.  However, it is interesting to note that even under these
conditions, the buses with DPF aftertreatment provide substantially lower particulate emissions,
(approximately 2-fold to 4-fold).

Table 7.3 Emissions Comparison on kg/km and g/km Basis

Clean Diesel Hybrid 1 Hybrid 2 New Trolley
(+20% Backup)

GHG (CO2e) kg/km 1.966 1.725 1.581 1.93

2007 NOx (g/km) 3.83 3.74 3.83 2.88

2010 NOx (g/km) 0.64 0.62 0.62 2.23

PM 10 (g/km) 0.0472 0.0495 0.019 0.48

HC (g/km) 0.0251 0.0199 0.003 0.01

CO (g/km) 0.37 0.341 0.042 0.07

SOx (g/km) 0.0183 0.016 0.015 2.62

Based on the observations above, it appears reasonable to suggest that the hybrids would
benefit from 2007 emissions controls and be able to at least match or marginally improve on the
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2007 diesel emissions.  (The argument for marginal improvement is based on the capability of
the hybrid system to moderate transients, which could not be tested under our test conditions.) 
Following the same approach, it appears reasonable to expect that both diesels and hybrids will
produce correspondingly lower NOx emissions when the NOx standard is reduced another 6-fold
in 2010.  On this basis, the predicted 2010 NOx emission values in the chart are based on:

1. -our present measurements of 2006-certified buses, adjusted to the 2007 standard
based on relative performance of 2006 and 2007 diesels as described 

2. -a further 6-fold reduction for 2010 with the small advantage maintained for the
hybrids.

Note that the predicted trolley NOx emissions are also reduced by the 2010 technology because
the backup buses are assumed to be new technology.

The same approach has been applied to adjust the measured PM emissions to the 2007-on
PM emission standard though the magnitude of the change is more questionable here since the
buses were being tested under conditions where PM emissions were already low and one of the
2006 buses already had a DPF.

The bottom line is that the evolving NOx and PM emissions changes for diesel engines
are expected to make future buses, whether diesel or hybrid, considerably cleaner than even the
buses of the recent past and, as a consequence, considerably cleaner than the alternative of coal-
fired electrical power.
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In October 2007, staff from the Emissions Research and Measurement Division (ERMD) 
of Environment Canada undertook exhaust emission measurements of 10 Edmonton 
Transit System (ETS) buses. The purpose of this study was to compare the exhaust 
emissions from different engine technologies over ten equally weighted test modes. The 
results of this study may be used by the City of Edmonton to assist in the decision making 
process relating to the procurement and modernizationthe city’s urban transit fleet.      
 
This summary report presents the results on the weighted emission rates (g/min) of the 
from the testing of 4 diesel and 6 hybrid diesel electric urban transit buses of various make 
and models as seen in Table 1.  Testing took place using Waterous Power Systems’ heavy 
duty chassis dynamometer in Edmonton, Alberta.  The Waterous Power Systems 
dynamometer is incapable of simulating transient driving cycles.   
 
It is important to note that the results presented in this document do not include 
corrections for state of charge (SOC) as the calculations for SOC are pending.   
SOC is fundamental in understanding the function of a hybrid electric (HEV) drive-
train and the resultant exhaust emissions.   
 
This test program examines the influences of speed and road load over a number of steady 
state driving conditions for both the diesel and HEVs. Two important functions of HEVs 
can be regenerative braking, and acceleration assist, neither of which would be reflected 
over the ten minute steady state test cycles to which the emissions in this summary report 
refer.  Consequently the potential emission reduction advantages of the HEV’s may not be 
measurable under these conditions.  At this point, as could be expected, the diesel electric 
hybrid emission rates take their place interspersed among the diesel emission rates.  
 
Supplementary data, in the form of one minute snap shots of each mode forming a ten 
minute “transient” test, was collected and may present a clearer picture of hybrid 
efficiency in the final report.  This data, along with data collected by researchers from the 
University of Alberta over the duration of the test program, should offer a thorough picture 
of net energy and emission changes.   
 
The urban transit bus emissions were sampled and analyzed using the ERMD’s Mini 
Dilution Tunnel (MDT).   The MDT has been used to sample emissions during a variety of 
test programs including the NY Ferry Private Fleet Emission Reduction demonstration1  
and the Montreal Biomer Biodiesel demonstration. The primary function of the mini-
dilution system is to collect a known quantity of raw exhaust (partial flow) from the 
exhaust system of an engine and mix this with a known quantity of ambient dilution air so 
that a “dry” particulate sample could be obtained. The sample is drawn through a stainless 
steel probe, and Teflon cored heated line.  Diluting the raw exhaust with HEPA filtered 
ambient air, while maintaining a constant temperature and flow velocity, conditions the 
sample and minimizes condensation, a major obstacle to particulate matter collection in the 
field. This technique can be used in order to determine average weighted emission rates 
over defined periods of operation.  The dilute sample travels ten tunnel diameters at which 
                                                           
1 New York State Energy Research and Development Authority, “NYC Private Ferry Fleet Emissions 
Reduction Technology Study and Demonstration”, NYSERDA Report 06-15, September 2006. 
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point samples are collected for analysis.  Total particulate matter (TPM) was collected on 
47 mm Emfab™ filters.  Before the final filter weight was taken, each filter was 
conditioned at 40% ±  5% Relative Humidity, and 23 ± 3 degrees Celsius for a minimum 
of 8 hours, as was done prior to the recording of the filter’s initial weight.   A 1000 SCFM 
Laminar flow element was used to measure engine air intake for the calculation of the mass 
emission rate of each pollutant. 
 
Emission rates were determined for total hydrocarbon (THC), carbon monoxide (CO), 
oxides of nitrogen (NOx), total particulate matter (TPM), as well as carbon dioxide (CO2 - 
a major contributor to the greenhouse gas inventory). NOx and THCs were sampled, via a 
heated line, by means of a heated flame ionization detector and a heated 
chemiluminescence analyser respectively.  CO2 and CO were analysed by non-dispersive 
infrared detectors.  
 
Testing took place over ten test modes as described Table 2. Modal emission results for 
NOx, TPM, and fuel consumption (FC) are presented in Figures 1 through 3.  These 
figures show the general trends followed over the ten test modes.  The average weighted 
emission rates in grams per minute can be found in Table 3, and are illustrated in Figures 4 
through 9.  High background levels of CO and THC were measured during the testing of 
Bus #4553 making the emission levels unquantifiable.   
 

Table 1. Test Matrix 
 

Test Date Engine Technology Engine 
Year ETS Bus ID 

October 10th, 2007 New Flyer diesel bus 2007 4554 

October 11th, 2007 
(2 full repeats) 

New Flyer diesel bus (baseline 
for Hybrids)  2006 4498 

October 12th, 2007 New Flyer-ISE series diesel-
electric hybrid  2006 6004 

October 12th, 2007 New Flyer-Allison parallel 
diesel-electric hybrid  2006 6001 

October 15th, 2007 Orion-BAE series diesel-electric 
hybrid  2006 6005 

October 16th, 2007 Orion-BAE series diesel-electric 
hybrid  2006 6006 

October 17th, 2007 New Flyer diesel bus 2007 4553 

October 17th, 2007 New Flyer diesel bus (baseline 
for Hybrids)  2006 4500 

October 18th, 2007 New Flyer-Allison parallel 
diesel-electric hybrid  2006 6002 

October 18th, 2007 New Flyer-ISE series diesel-
electric hybrid  2006 6003 

 
Table 2. Test Cycle 
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Test 
Mode 

Target Speed 
(km/hr) 

Target Power 
(kW) 

1 0 0 
2 16 26 
3 29 144 
4 29 74 
5 29 33 
6 48 133 
7 48 74 
8 48 33 
9 72 111 

10 0 0 
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Figure 1.  NOx:  Modal Emission Rates 
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Figure 2. TPM: Modal Emission Rates
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Figure 3. Modal Fuel Consumption Rate 

 
 

Table 3. Average Weighted Emissions over Ten Test Modes in g/min 
 

ETS BUS 
ID CO CO2 NOx THC TPM FC (l/hr)

4554 0.12 1327 1.62 0.03 0.03 30.71
4553 bql 1212 2.09 bql 0.01 28.10

4998_1 0.38 985 5.70 0.04 0.07 22.53
4998_2 0.44 1026 5.81 0.09 0.06 22.22

4500 0.46 916 5.36 0.12 0.06 20.90
6004 0.10 814 4.31 0.03 0.03 18.69
6003 0.10 980 4.85 0.08 0.04 22.64
6001 0.16 1108 6.87 0.06 0.10 25.84
6002 0.11 1108 6.28 0.08 0.11 25.84
6005 0.04 1096 5.36 bql 0.01 34.79
6006 0.05 1190 5.57 0.02 0.07 29.00  

 bql indicates below quantification limit 
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Figure 4. Weighted CO Emissions (g/min)  
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Figure 5. Weighted CO2 Emissions (g/min)  
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Figure 6. Weighted NOx Emissions (g/min)  
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Figure 7. Weighted THC Emissions (g/min)  
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Figure 8. Weighted TPM Emissions (g/min)  

 

Fuel consumption

45
53

44
98

_1
44

98
_2

45
00

60
04 60

03 60
01

60
02 60

0645
54 60

05

0.0
5.0

10.0
15.0
20.0
25.0
30.0
35.0
40.0

BUS ID

W
ei

gh
et

d 
em

is
si

on
 ra

te
 

(l/
hr

)

 
Figure 4. Weighted FC Emissions (l/hr)  
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HYBRID DIESEL-ELECTRIC BUS / TROLLEY BUS
DEMONSTRATION PROJECT:

TECHNICAL COMPARISON OF IN-USE PERFORMANCE

APPENDIX G

LIFE CYCLE EMISSION METHODS AND DETAILS
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Appendix G: Life Cycle Emission Methods and Details

This section briefly records information that can be used to account for the full life cycle
emissions associated with direct use of fuel and electricity.  Accounting for emissions upstream
and downstream of the point of direct use is commonly referred to as life cycle assessment
(LCA). 

This topic is most relevant for greenhouse gas (GHG) emissions since they have the same
cumulative effect on world climate whether emitted locally and immediately or at some distance
in space and time.  This topic might also be somewhat relevant for acid rain precursor (ARP)
emissions such as oxides of nitrogen (NOx) and oxides of sulphur (SOx).  Acid rain develops on
a regional basis and hence emissions which are spatially displaced but still in the same regional
air shed have essentially the same effect as those emitted locally.  The topic of LCA is least
relevant for emissions which lead to simple toxicity concerns, (such as carbon monoxide) or
carcinogenic concerns, (such as hydrocarbons like benzene, toluene, ethylene, xylene (BTEX)). 
Provided that such toxic or carcinogenic emissions are displaced to a point where there is
minimal human contact, the displaced emission becomes irrelevant in terms of impact on the
local population.  Following this reasoning, LCA for Edmonton transit options should definitely
be applied to GHG emissions and should possibly be applied to ARP emissions, at least to the
point of considering emissions such as refining and power production in the greater capital
region.

The options being considered are either powered entirely by diesel fuel (diesel buses and
hybrids), or by a combination of electricity and diesel fuel, (trolleys plus backup buses).  The
diesel fuel produces significant amounts of GHG emission and ARP emission at the point of
combustion while the electricity has none.  Neither energy source has any ‘downstream’ effects
since both are totally consumed at the point of use but both have substantial upstream emissions.

The diesel fuel is generally refined from crude oil in the Edmonton regional area after
that crude is produced from a combination of tar sands, heavy oil and conventional oil sources
spread across Western Canada.  Relevant emissions would include the ARP emissions associated
with refining and the GHG emissions associated with the full upstream system, including the
natural gas industry that supplies much of the fuel. 

The electricity comes from the Alberta grid which includes some major power plants
located in the Edmonton regional area as well as other producers spread across Alberta. 
Relevant emissions would include the ARP emissions associated with electricity produced
locally and the GHG emissions for the full upstream system regardless of where the power is
produced.  The question of electrical power source is important since different electricity
producers have differing fuel, (mostly coal and natural gas but also a small amount of hydro,
wind and bio-fuel), differing upstream emissions, (such as coal mining and natural gas supply),
and also differing loss factor between the point of production and the point of metering in
Edmonton.
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1 The Greenhouse Gases, Regulated Emissions and Energy Use in Transportation
(GREET) Model, U.S. EPA, March 17, 2008,
http://www.transportation.anl.gov/software/GREET/index.html

 Basically, the questions to be answered are:

A. If an option consumes 1 Litre of diesel fuel, what are the global GHG emissions to supply
that fuel in Edmonton and the regional ARP emissions to refine and market it in
Edmonton?

B. If an option consumes 1 kW.h of electricity, what are the global GHG emissions to
supply that power in Edmonton and the associated regional ARP emissions?

A. LCA Implications for Diesel Fuel Consumed in Edmonton

The petroleum industry is complex with a diverse group of operators producing similar
refined products through projects of differing nature, scale, level of integration and efficiency. 
Despite this complexity, (or perhaps because of it), we generally consider the industry on a
holistic basis and simply assign an upstream “overhead” based on national or world oil industry
statistics.  For example, running the US EPA’s GREET model1 with typical assumptions
suggests that 79.5% of GHG emissions occur while burning fuel and 20.5% upstream, based on
an American supply scenario which mixes US production with Canadian, Mexican, Venezuelan,
Middle East and Asian oil and includes substantial energy charges for fuel delivery over long
distances.  Following this Americans-burning-world-oil model, we would apply an upstream
overhead of 25.8% (= 20.5 /79.5) on the GHG emitted from local diesel consumption.

Figure G.1 shows a schematic example of the overhead emissions associated with fuels. 
Alberta’s oil production is currently about 2/3 from tar sands /heavy oil and 1/3 from
conventional crude oil.  The differences in upstream emissions can be substantial as shown
schematically in Figure G.1.  Although tar sands and heavy oil dominate total production, the
heavy bitumen and synthetic crude product is mostly exported so the contribution of
conventional crude oil to locally refined product is still high.  Also, with the three major
refineries all in the Edmonton area, we have relatively short delivery distances for refined fuel. 
These factors would tend to moderate the GHG overhead factor for diesel fuel consumed in
Edmonton.  However, over the next two decades, locally refined fuels will rely on a growing
fraction of heavy oil inputs as local demand grows, conventional crude oil supplies decline and
refineries are increasingly modified to use heavier and synthetic oil inputs.  Fortunately for the
sanity of anyone pondering this question, the differences between conventional and heavy oil
sources are also declining with time.  There are two reasons for this.  First, the tar sands and
heavy oil industry is progressively improving production efficiency (as required by Alberta’s
Climate Change and Emissions Management Act).  Older producers like Syncrude and Suncor
have substantially reduced production emissions since the 1990's and future plants are starting
with more efficient processes.  The second reason for convergence is that we are progressively
depleting the ‘easy’ conventional oil in Western Canada, leading to higher upstream emissions as
smaller operations and more energy-intensive recovery methods are used.
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2 after Joule Bergerson and David Keith, “Life Cycle Assessment of Oil Sands
Technologies”, Paper #11 of Alberta Energy Futures Project, Inst. for Sustainable Energy,
Environment and Economy, University of Calgary, Nov 2006

Figure G.1.  

Schematic Comparison of GHG Emissions
from Tar Sands and Conventional Crude Oil
Production.2

Some other changes that are likely to impact this scenario over coming decades include:
-further technical improvements in production and refining (as required by Alberta’s

Climate Change and Emissions Management Act which mandates 2%/year
improvement in GHG emissions intensity for current and future facilities),

-carbon sequestration projects in tar sands, upgrading and refining facilities,
-switch from natural gas to coal as a steam energy source for heavy oil and tar sands,
-switch from fuels to nuclear power as a steam energy source for heavy oil and tar sands.

All of these options are currently under discussion.  However, the combination of the Emissions
Management Act and high petroleum prices is driving significant activity in efficiency
improvements and in planning for carbon sequestration factors so upstream emission levels are
likely to decline at close to the mandated 2%/year from the 2004-2007 baseline.

With these considerations in mind, a worst-case (and unreasonable) scenario would
calculate upstream emissions based on 100% tar sands, processed and refined at early-1990's
efficiency levels, giving 54% upstream GHG overhead, (ie. life cycle GHG = 1.54 *local CO2). 
Even assuming 100% tar sands, a more realistic estimate for the next 20 years would assume
processing and refining at current best-technology efficiency levels would give about 30%
upstream GHG overhead, (ie. life cycle GHG = 1.30 *local CO2).  At the other extreme,
assuming 100% light crude with minimal transportation costs and progressively improving
refinery efficiency would give 20% upstream GHG overhead, (ie. life cycle GHG = 1.20 *local
CO2).  Because the next two decades will see a combination of high-value crude product and
increasing GHG regulatory action, my forecast is that a combination of responses,
(especially efficiency improvements and carbon sequestration), will cause the upstream
GHG overhead to have a typical value of 20 to 25% for diesel fuel consumed in Edmonton.  
For a base diesel which burns to produce about 2.77 kg.CO2e/L, this raises the GHG total to
3.3 kg.CO2e/L to 3.5 kg.CO2e/L. 
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3Environment Canada GHG National Inventory Report, 1990-2005
http://www.ec.gc.ca/pdb/ghg/inventory_report/2005_report
Annex 9, Tables A9-1 and A9-10, April 30, 2007 version

B. LCA Implications for Electricity Consumed in Edmonton

The electricity generation and distribution industry is only marginally less diverse than
the petroleum industry. Generators supply the Alberta grid primarily from coal-fired and natural
gas-fired plants.  There are also hydro-electric and wind generation facilities with significant
capacity as well as a range of low capacity producers based on micro wind, solar, hydro and
other sources.  Figure G.2 shows a schematic of the Alberta electrical grid and lists the installed
capacity broken down by ultimate energy source.  The range of generation energy sources and
locations on the grid layout leads to a range of possible generation emission factors and
transmission loss factors for electricity consumed in Edmonton.  For example, on a national
basis, Canada’s power is predominantly 59% hydro, followed by coal, nuclear, gas and ‘other’
with a GHG intensity of 0.220 kg/kWhr 3.  Alberta differs with 79% of the net power plant
output produced from coal and a grid average GHG intensity of 0.882 kg/kW.hr 3 for power
entering the grid.  If we focus on Epcor as the major power supplier for Edmonton, their
electrical energy generation comes 92% from coal.  (Note that the power generation fraction of
coal is higher than the installed capacity fraction.  Some generation sources typically produce
much less than their capacity ... wind is limited by wind velocity, hydro by water availability and
natural gas by higher fuel cost so those sources tend to contribute less consistently than the large
coal-fired plants.)  

While it is possible to purchase power from any electricity generator in Alberta,
considerations of grid availability and transmission losses limit the practicality of some sources. 
For example, installed wind generation is predominantly south of Calgary, most hydro is in the
foothills closer to Calgary than Edmonton and most co-generation power is co-located with
major facilities who are their primary customers.  We typically assume 7 to 10% transmission
losses from the generating plant to the consumer and this assumption becomes questionable with
power purchased from a distant source unless very high voltage transmission systems are used. 
From a practical viewpoint, electrical power for Edmonton can be assumed to come mainly from
coal-fired plants with a significant contribution from the Rossdale gas-fired plant during peak
hours.  Taking Epcor data which compares the new Genesee 3 plant to its earlier phases and
assuming that 36% of the generated energy comes from the cleaner Genesee 3 plant provides for
the typical emission factors shown in Table G.1.  Assuming an energy-based blend of power
generation would lower the emissions (to about 860 g/kW.hr for GHG) and assuming all high
efficiency natural gas could further lower emissions (to about 550 g/kW.hr for GHG).

Table G.1  Emission Factors for Edmonton Coal-based Power Generation
Emission GHG NOx SOx PM UHC & CO

Units gCO2e/kW.hr g/kW.hr g/kW.hr g/kW.hr g/kW.hr

Coal 950 1.3 1.61 0.29 negligible
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Figure G.2.

Schematic of Alberta’s Electrical
Generation and Transmission Grid

Generation2

Source  Capacity1     (MW.hr)  
Coal 5,893 MW 45,073,000
Gas 4,609 MW 7,312,000
Hydro    900 MW 2,242,000
Wind    521 MW 837,000
Biomass +     184 MW 1,774,000
Oil      13 MW        40,000
Capacity 12,120 MW 57,290,000

Output @100%: 106,000,000 MW.hr/yr

       2007 Output: 52,000,000 MW.hr/yr

1http://www.energy.gov.ab.ca/Electricity/682.asp
2Environment Canada, National Inventory Report,
1990-2005, April 2007

  Figure G.3.

Schematic of Epcor’s Electrical 
Generation and Transmission Grid

Source         Capacity1  Output2 
 MW  MW.hr

Coal 1,315 8,140,000
Gas    701    450,000
Hydro      13 -| 250,000
Landfill Gas        5 -|
Wind        1  -________
Total 2,035 MW  8,840,000

Output @100%: 17,800,000 MW.hr/yr

        2006 Output: 8,840,000 MW.hr/yr

1http://www.epcor.ca/Communites/Alberta/Operations/P
owerGeneration/
2Epcor 2006 Annual Report Note that some non-Alberta
plants are included and the ‘Hydro’ production includes
hydro, landfill gas, biomass and ‘other’ generation.
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Several further considerations come up with the electricity-based emissions.  Some examples:

A.  The trolley electricity consumption values of 2.02 kW.hr/km seem low.  
-The value used was based on a particular set of electrical efficiency measurements and
used the on-board Kieppe equipment which was not directly calibrated.  The efficiency
model developed was then applied to actual vehicle operation on Route 5 operation.  The
resulting 2.02 kW.hr/km figure is much lower than values typically reported in the range
2.5 to 3.6 kW.hr/km.  For example, a common assumption for trolleys is to use
3.0 kW.hr/km which is 149% of the value assumed for this study.
-The New Flyer / Kieppe trolley with traction battery, low floor, etc. is a relatively heavy
vehicle (14,320 kg) compared with common trolleys (9,830 kg) and vehicle mass is a big
factor in determining energy requirement on stop-and-go routes like typical trolley routes
so this emphasizes that the low energy consumption is suspect.
-An order of magnitude check on consumption is to take the entire trolley system
electrical consumption for 2007 (3,109,412 kW.hr) and divide it by an assumed trolley
mileage.  For example, assuming 51 trolleys x 17,000 km gives 3.6 kW.hr/km and
assuming 51 trolleys x 22,000 km gives 2.8 kW.hr/km.  The fact that the system
consumed 40% to 80% more power than implied by the apparent trolley consumption
also makes the low energy consumption suspect.
-An attempt to resolve this question using Epcor instrumentation in a trolley substation
failed to solve the issue due to apparent measurement issues with the Epcor equipment. 
There has not been time to resolve this issue so I have simply used the low value of
energy consumption as a conservative value while also acknowledging that it is probably
too low.  
-This leaves a risk that the electricity generation emissions are actually around 49%
higher than calculated here.

B.  A significant amount of daily peak electrical power is generated by gas-fired plants.
-The trolleys run most during the daily peak electrical periods and Epcor uses the gas-
fired plants, particularly the in-city plants at Rossdale and Beverly to provide part of that
peak electrical load.  It could be argued that trolleys are predominantly powered by this
gas-fired peak electricity which has lower GHG and particulate emissions factors than the
base-load coal-fired plants.  This approach would lower the apparent GHG emissions
by approximately 42% compared with those calculated here.  It would also
challenge the claim of no in-city emissions since the gas turbine NOx, SOx and other
emissions would occur in the city.

C.  The power generation emission factors do not include upstream emissions.
-For the coal system, there are some coal mining emissions (mostly fuel CO2 and a lesser
amount of methane from shallow strip mines).  These have not been included but are
estimated to be only 1 to 3% since shallow strip mines have relatively little methane
emissions. 
-For the natural gas system, the upstream natural gas emission factors have been
gradually increasing to become similar to those for petroleum.  This trend is associated
with using a greater fraction of sour gas which requires desulphurisation and with
resource depletion which leads to well-head compression.  Hence upstream emissions
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would amount to roughly a 20% increase in emissions for gas-fired power generation. 
This would be applied to the lower initial value associated with natural gas power.

D.        No transmission losses are included in the trolley energy consumption factors.  
-The last transmission loss numbers I received from Epcor was 9.7% for delivery in
Edmonton at low voltage.  This is relatively high and 7% is commonly used for delivery. 
If the trolley power is considered to come from in-town natural gas-fired generation, the
transmission losses could be even lower, falling to 2 or 3% for delivery and transformer
loss.  A common assumption here would be 7%.

E.     The life cycle assessment has not considered any emissions associated with upgrading and
maintaining the trolley network.
-The trolley overhead network just sits there and doesn’t emit any GHG’s.  However, it is
common practise in LCA studies to follow significant monetary flows as a means of
identifying associated areas where significant indirect emissions are occurring.  In this
case, the annual expenditure on the network is many times higher than the annual
expenditure on energy.  Those high expenditures on network capital and maintenance are
linked to consuming energy-intensive materials, (like copper, steel and insulators), and
energy-intensive activities, (like running heavy duty maintenance vehicles).  This
indicates that supporting the network itself is probably a significant contributor to the life
cycle emissions of the trolleys.

F.  Electricity source can be changed in the future, completely changing emissions impact.
-For example, ETS could contract with one of the companies planning new wind power
or hydro power and, once those facilities were developed, we would have essentially
zero-emission trolleys.  Given the unique nature of trolley power, with high peak current
and rapidly changing loads, some allowance might be required for supplying backup
power from a base-load power generator). 
-While these scenarios are possible, the lack of a suitable hydro site and distance from
available wind power suites makes it unlikely that developments within the next twenty
years will have the capacity to supply our trolleys.
-As another example, discussions relating to a large nuclear power plant for Northern
Alberta might lead to an available source of zero-emission power. However, even if this
goes ahead it is likely to provide no contribution until near the end of the planned 18 year
lifetime.

-A more probable scenario for changing electrical source is the development of further
natural gas-fired co-generation facilities in the Edmonton area, particularly associated
with local tar sands upgraders.  The development of more gas-fired electricity in the
region would  to reduce the assumed GHG emission factor by some margin between 0
and 42%, (with the caution that upstream emissions would add to that baseline value as
discussed in C).
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SUMMARY OF LIFE CYCLE CONSIDERATIONS

Life cycle consideration of the energy supply options for future buses in Edmonton leads
to a variety of issues because several of the factors are not well known at this point or may
change significantly over the next twenty years.  Many possible scenarios could be considered
realistic, subject to further study and future developments in the energy supply industry.

Rather than delve into multiple scenarios and the resultant complexity, the main report
uses a straightforward set of assumptions:

For diesel, the assumption is that each litre of diesel fuel being burned directly produces
2.77 kgCO2e and this amount is used as the GHG measure.  It is assumed that a factor of 20% to
25% will cover upstream emissions if that approach is required.

For electricity, the assumption is that each kW.hr of electricity consumed by the trolley
network produces 0.95 kgCO2e and this amount is used as the GHG measure.  There are a range of
factors that affect this number including a surprisingly low energy consumption estimate, a range
of assumptions related to electrical energy source and the lack of consideration for power
delivery losses, upstream emissions and trolley network maintenance activities.  Several of the
possible adjustments, (both plus and minus), approach 50% so further clarification and study are
recommended.  However, on balance it appears likely that the total life cycle GHG emissions
will be higher than this direct baseline value and an increased of 10 to 20% is estimated. 

END of Appendix G
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HYBRID DIESEL-ELECTRIC BUS / TROLLEY BUS
DEMONSTRATION PROJECT:

TECHNICAL COMPARISON OF IN-USE PERFORMANCE

APPENDIX H

ENERGY DEMAND AND EFFICIENCY
OF THE TRANSLINK 

(NEW FLYER / KIEPPE) TROLLEY

Note. Contains Business Confidential information on power rates and costs.
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Appendix H: Energy Demand and Efficiency of the Translink (Kieppe New Flyer) Trolley

To calculate power costs and emissions associated with trolleys operating on a particular duty
cycle, we need to find the electrical power consumption associated with that duty cycle.  The bus
duty cycle consists of the series of vehicle activities, (starts, cruise, stops and idle periods) as
well as the weight of passengers being carried.  We have been measuring this on the Kieppe New
Flyer trolley since October, 2007 and have a good model of operation on typical trolley routes. 
Because of the low-annual-mileage, heavy-traffic nature of trolley routes, this same operating
model is being used for all the buses being considered for the trolley fleet update.

The electrical energy consumed by the trolley depends on:
1. the background ‘hotel’ loads to keep the trolley active, lighted and heated/ventilated,
2. the tractive power to run the trolley and the efficiency with which this is produced, 
3. the energy loss in the lines to the trolley,
4. the regenerated power put back into the system and used by other trolleys, and
5. the “overhead” power consumption of trolley power supply facilities, (substations).

To the extent possible, these factors are calculated based on recorded information from three
specific sets of tests:

A. Trolley / System Load Tests,  July 24, 2007
B.  Trolley Data System Test Run, October 12, 2007
C.  Trolley / Substation 160 Noise and Acceleration Testing October 20, 2007.

1. Hotel loads
The power level of the background hotel levels is much less than the tractive power but more 
continuous so it can consume a significant amount of energy.  The amount is also quite variable
since it involves trolley on-board systems, (ie computers and controls), fans, heaters and lights,
all of which may be used to differing extent under different operating and climate conditions.

The charger for the on-board emergency traction battery is one additional load which may cycle
on with the trolley stationary.  If the charger turns on because the battery has been used to run
the trolley, this would not technically be a ‘hotel load’.  However, the more normal case is that
the emergency traction battery has not been used so any periodic top-up charging would
basically show up as a hotel load. 

Hotel loads were measured from the line current sensor (IFZG) and line voltage (UF) as
recorded by the trolley’s built-in data system during the trolley / system load tests on July 24,
2007.  Hotel load was taken to be the line power (kW = Current * Voltage /1000) drawn while
the trolley was stationary.  Care was taken to avoid the period of current build-up in the half-
second or so just before the vehicle started to move.  Measured hotel load values ranged from 1.2
to 8.4 kW.  As shown in Table H.1, typical values before an acceleration run in these tests were
1.2 to 2.3 kW.  Typical values after an acceleration and stop were 3 to 8 kW.  Presumably the
lower ‘before’ values represent the base state during a long idle period such as occurs while
getting ready for a test run.  The higher ‘after’ values would be due to fans, compressors,
chargers, etc. running while the trolley is working.  In the normal duty cycle, the trolley would
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be working most of the time so the right ‘hotel load’ value would be biased towards the higher
values.  Also, heater operation in winter would probably add a very significant load not present
during the July test period.

Another approach to measuring hotel loads was made during a series of acceleration and noise
test runs conducted on October 20, 2007 adjacent to Cromdale Garage on 80 Street. Concurrent
measurements at Substation 160 with no trolley motion and the 6000 as the only trolley on the
system showed AC power consumption on the order of 9 to 15 kW.  However, DC power
consumption was only 3 or 4 kW.  There were, however, concerns about the calibration during
these tests since the DC power during accelerations was only about a third of the expected
values. 

To provide a realistic and slightly conservative value, hotel power consumption on the
Kieppe trolley is taken as 2.5 kW which is applied any time the trolley is idling.

Table H.1 Efficiencies, Voltage Losses & Hotel Loads Extracted from July 24, 07 tests

Positive Average Line-Adj Re-gen Hotel Hotel
Test Tractive Voltage +ve Tract. Efficienc Load Load

# Efficiency Droop Efficiency %
% Volts % kW kW Comment

1 81 94.2 69 21 2.078 3.394 straightforward case,
hotel loads are Before
and After run

3 79 144 61 22 3.01 after run

4 79 148 60 22 2.31 8.39 before/after run

4-2 77 134 63 20 1.23 2.35 before run, after run

5 77 142 61 24 2.06 before run, low line
Volts

Average 78.6 132 62.8 21.8 1.92 4.29 3.10

Std Dev 1.67 21.98 3.63 1.48 0.47 2.77 2.23

2., 3., 4. Tractive Power and Efficiency, Energy Loss in Lines, Regeneration
Tractive power to run the trolley can be calculated using a basic dynamic model that accounts for
rolling resistance, grade (hill) effects, aerodynamic resistance and acceleration forces.  This
model was applied to the vehicle speed traces recorded during the trolley acceptance testing on
July 24, 2007.  Figure H.1 shows typical traces from one of the test runs.  The generally good
agreement between electrical power consumption and calculated tractive power confirm the
general validity of the model.  During acceleration on the test shown, tractive power was
produced with an average of 81% efficiency based on the voltage and current measured at the
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trolley.  Accounting for the voltage losses in the transformer and lines to the trolley, the average
electrical supply efficiency was reduced to 69% for this test.  During deceleration, the trolley
produced regenerative braking current at an effective 21% average efficiency, ie. the measured
voltage and regenerative current corresponded to 21% of the negative tractive energy involved in
slowing down the trolley. 

The five tests recorded on July 24, 2007 covered a range of circumstances involving other
trolleys on the same circuit and the potential for gains from regeneration if another trolley was
demanding current.  Table H.1 gives the calculated efficiency and voltage loss results based on
the measures described above.  My observation is that the voltage tended to drop more and to be
more variable in the subsequent tests, presumably because of other trolleys operating on the
same line segment.  This somewhat reduced average tractive efficiency based on voltage
measured at the bus and significantly increased apparent line losses.  However, much of the
additional line loss would be shared between the two trolleys and relatively little benefit was
apparently detected due to regeneration.
Figure H1.  Schematic of Trolley Energy Analysis during July 24/07 System Load Testing

As a conservative estimate of trolley efficiency, I have used 69% based on the first, most
straightforward trolley test, thus ignoring the lower efficiencies associated with low line
voltage. I have ignored electrical distribution losses further upstream and have ignored the
potential for using regenerated power from braking.  
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5. Overhead Power Consumption of Distribution and Substation System

It is difficult to get a solid handle on this without simultaneous, very detailed studies of the
power distribution system, substations and trolleys.  As a start on this, I obtained substation
electrical consumption data on hourly, monthly and annual bases for 2007.  Analysis of the
hourly data would allow comparing energy consumption between periods when trolleys are and
are not active to properly measure system overhead.  However, the hourly data has so far proven
unreadable. 

As an alternative, I can make these observations from monthly and annual data for 2007 as
presented in Table H.2.

    1. Energy charges are at a rate of 5.8-6.3 cents / kW.hr, averaging 5.9 cents/kW.hr.

    2. Distribution charges, (based mostly on peak power demand), are substantial, as is normal
for a power consumer using high peak currents.  Overall, the peak demand-based
distribution charges are similar to the energy charges, so one way of looking at this is that
the total power cost is 12.4 cents/kW.hr.  However, it must be emphasized that each
kW.hr used still costs 5.9 cents and the driver for the distribution charges is peak current
demand.  (As a separate issue, this means that any capability to limit the peak current
draw of new trolleys might be more important for future power costs than the actual
energy efficiency of the trolley systems.)

    3. Without analyzing hourly data, one approach to the substation overhead is to consider
that Substation 560 at 109 St and 61 Avenue was virtually un-used in 2007 due to
construction interfering with trolley operation on the south side.  This substation used
76,608 kW.hr compared with a total of 3,109,412 kW.hr for all 8 sub-stations.  Assuming
that each of the 8 sub-stations uses 76,608 kW.hr and the rest is used for trolleys would
give an overhead ratio of :

8*76,608 / (3,109,412 - 8*76,608) = 0.245
This may be conservative if the south-side sub-station is smaller than average or if sub-
station energy loads (such as transformer cooling fans) increase operation when trolleys
are active.

In addition, there is a scheduled 2.4% annual escalation in the power rates for 2008 and 2009.

Based on this simple analysis, I am assuming a distribution system energy overhead of
24.5% applied to the energy used by the trolleys and I am assuming (conservatively) that
power costs (combined energy and distribution) are currently 12.5 cents / kW.hr.
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BUSINESS CONFIDENTIAL
Table H.2 Summary of Power cost information for 9 trolley substations in 2007

Sub
'#

Location Annual
kW.hr

Energy 
Charge @

Distribution
Charge

Total
Charge

Actual Cost
per kW.hr

Typical rate: $0.059
060 9471 - Rossdale Rd      282,420  $    16,662.78  $  14,561.09  $  31,223.87  $   0.1106 
160 11529 - 80 Street      323,986  $    19,115.17  $  19,947.74  $  39,062.91  $   0.1206 
260 11935 - 109 Street      273,294  $    16,124.35  $  19,139.85  $  35,264.20  $   0.1290 
360a 10404 - 105 Avenue      387,216  $    22,845.74  $  26,956.07  $  49,801.81  $   0.1286 
360b 10404 - 105 Avenue      376,822  $    22,232.50  $  25,110.02  $  47,342.52  $   0.1256 
460 15701 - Stony Plain Rd      304,525  $    17,966.95  $  26,050.82  $  44,017.77  $   0.1445 
560 10907 - 61 Avenue        76,608  $     4,519.87  $    8,872.13  $  13,392.00  $   0.1748 
660 10643 - 124 Street      770,074  $    45,434.34  $  39,366.66  $  84,801.00  $   0.1101 
760 11803 - 156 Street      314,468  $    18,553.61  $  21,770.24  $  40,323.85  $   0.1282 

  3,109,412  $  183,455.31  $ 201,774.62  $385,229.93  $   0.1239 

BUSINESS CONFIDENTIAL

End of Appendix H




