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ABSTRACT 

A Diesel engine-powered transit bus was fitted with a 
powertrain thermal management system comprised of 
electrified components, including fans, coolant pump, 
and electronic thermostat.  A high output belt-driven 24 
volt DC alternator was installed to provide power for this 
system in addition to the normal bus electrical power 
loads.  Except for the alternator, all components were 
mounted on a slide-mounted tray to facilitate service and 
maintenance. 

In practice, this “mini-hybrid” vehicle has demonstrated a 
fuel economy improvement of 10.5% in fleet operation 
during a four month period and is expected to achieve 5-
7% better fuel economy annually, compared to a 
conventional bus.  Additional benefits include lower 
maintenance costs, improved safety, and enhanced 
serviceability. 

INTRODUCTION 

The transit bus industry has been very proactive in the 
development and implementation of vehicles with 
advanced propulsion technologies such as fuel cells, 
natural gas, and hybrid electric1.  Since many of the 
buses in the fleets across the country were purchased 
and are maintained using state and federal monies, there 
is a great deal of public pressure to improve the fuel 
economy, reduce emissions, and reduce the 
maintenance costs of these vehicles2.  While generally 
successful in their goals, most of these powertrain 
options incur significant one-time capital or ongoing 
operating expenses to accomplish these goals. 

On average, the cost of a hybrid electric bus is nearly 
twice that of a conventional Diesel bus, while the 
premium for a fuel cell bus is currently over five times 
higher3.  Natural gas-fueled buses are 12% to 20% 
higher in initial cost than Diesel buses, and have a higher 
operating cost when calculated on a per mile basis4.   
Adding to the total cost is the initial investment and 
continued maintenance of the complex fueling systems 

required for natural gas and hydrogen, not to mention the 
increased safety requirements.   For that reason, buses 
with advanced propulsion systems represent only a small 
fraction of the total number of buses in operation (Figure 
1).  While there is no doubt that vehicle purchase prices 
will decrease in the future, there remains an immediate 
need for improved fuel economy and reduced 
maintenance cost. 

 

Figure 1. Bus Power Sources5 

 
In the hybrid buses in use in Portland, Oregon, integrated 
traction motors inside the transmission are used to 
provide motive force to the drivetrain.  This is known as a 
parallel hybrid since the electric motor operates in 
parallel with the mechanically-coupled engine and 
transmission.  These same motors may also be used to 
recover kinetic energy through regenerative braking.  
The amount of available electrical power makes it 
feasible to electrify accessory devices such as air 
compressors, refrigerant compressors, fluid pumps, and 
cooling fans.  Further power savings can be realized 
through intelligent control of these electrified devices.  
Since these devices are now decoupled from the 
crankshaft, the operational speed can now be controlled 
to the minimum level required to perform the intended 
task. 
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The power savings through accessory electrification can 
be substantial, as most engine-driven devices on a 
Diesel engine are designed to meet performance targets 
at peak torque conditions.  The engine speed at this 
point is typically in the 1200 rpm to 1500 rpm range.  
When the engine is operated at high speeds (up to 2600 
rpm), the accessory devices are driven at a speed 
proportional to the engine speed, resulting in 
unnecessary energy usage due to higher frictional 
losses, windage losses, increased flow bypass, and heat 
generation.  Prolonged high-speed operation can also 
lead to accelerated wear on components and drive 
systems and exacerbate noise, vibration, and harshness 
(NVH) issues6. 

 

Figure 2. "Mini-Hybrid"  Transit Bus 

 
The proposed “mini-hybrid” system incorporates many of 
the energy saving characteristics of a full hybrid vehicle, 
but can be easily retrofitted onto existing vehicles.  
Because of its relative simplicity and lower initial cost, 
implementation is within reach of any transit system, 
regardless of size.  Now, smaller transit systems which 
desire energy efficient vehicles, but do not possess the 
necessary budget to purchase hybrids or fuel cell buses, 
or do not have the technical expertise to maintain them 
economically, can have access to advanced technology 
and its associated benefits.  It is also feasible to 
implement this system in a phased manner and on a 
greater percentage of buses in the fleet, thereby having a 
greater impact on the average fleet fuel economy much 
sooner than would just a small number of hybrid buses. 

VEHICLE DESCRIPTION 

The vehicle used in this project, TriMet #2720, is a 
conventional 2003 New Flyer D40LF 40-foot low floor 
transit bus.  It is powered by a 209 kW (280 hp) 8.9L 
Cummins ISL280 engine and a Voith D864.3 3-speed 
automatic transmission with 3-stage hydraulic retarder.  
It has been in service since 2004 on urban routes in 
Portland, Oregon.  It is one of a fleet of 25 New Flyers 
purchased in 2003 with identical specifications, making 
for a convenient testing situation to allow direct 
performance comparisons between buses. 

 

Figure 3. New Flyer Low Floor Transit Bus 

2003 New Flyer D40LF Specifications 

·  Engine: 8.9L Cummins ISL280 
·  Transmission: Voith D864.3 automatic 
·  Dimensions: 12.5m x 2.6m x 2.8m 
·  Curb Weight: 12,470 kg 
·  GVWR: 17,980 kg 
·  Wheelbase: 7.4m 
·  Fuel Tank Capacity: 424 liters 
·  Passenger Capacity: 40 seated, 43 standing 
·  HVAC: Thermo-King T11 rear mount 

 

 

Figure 4. Production Cooling System 

 
SYSTEM DESCRIPTION 

Once the bus was received from TriMet, the entire 
cooling system and alternator was removed in 
preparation for installation of the mini-hybrid system.  
Items removed include radiator, charge air cooler, 
hydraulic oil cooler, hydraulically-driven fan, hydraulic 
pump, hydraulic oil reservoir, and the alternator, along 
with associated hoses and plumbing.  The transmission 
oil cooler was removed also, but was set aside for use 
with the new cooling system.  The oil-cooled alternator 
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was replaced with an air-cooled unit, so the oil supply 
and drain ports on the engine were blocked off. 

 

Figure 5. Items Removed from Bus 

 

Figure 6. 600 Amp 28VDC Belt Driven Alternator 

 
Installation of the new system began with the integration 
of the new high output alternator, shown in Figure 6.  The 
compact 28 VDC unit uses permanent magnet 
technology to achieve high mechanical efficiency, 
generating up to 600 amps of current. 

Unlike most commercially available alternators, this unit 
will produce maximum output at an engine idle speed of 
600 rpm.  The graph in Figure 7 shows the current output 
of the new alternator compared to the output of the unit 
removed from the bus.  Transit buses are unique in that 
they spend much of the time at idle or near idle 
conditions, yet the electrical loads remain high.  Modern 
transit buses are fitted with a plethora of devices to 
ensure passenger comfort, communications, vehicle 
performance monitoring, security, and to provide 
passengers with information necessary to complete their 
trip.  Many of these devices are in operation at all times.  
One of the biggest consumers of power is the HVAC 
system which is expected to keep passengers 
comfortable regardless if the bus is moving or stopped at 
the curb.  Transit buses also use large quantities of 
compressed air to operate service brakes, windshield 
wipers, and door motors.   Ideally, the new alternator 
must be capable of providing sufficient power for all of 
these devices, plus have enough additional capacity to 
provide power to the electrified cooling system 
components. 

 

Figure 7. Alternator Output 

 
The cooling system configuration on typical transit buses 
has changed little in the last fifty years.  Heat loads have 
gone up as bus sizes and passenger loading has 
increased, along with the introduction of more powerful 
engines.  To provide additional cooling, radiators have 
gotten larger and thicker, requiring the use of larger, 
more powerful fans.  Some of these fans can consume 
over 25 kW of crankshaft power at high engine speeds. 

Intended to improve overall efficiency and reduce 
parasitic loads on the engine, the new thermal 
management system is a “clean sheet” design, starting 
with the engine and transmission manufacturers cooling 
specifications.  The resulting system has three 
independently controlled circuits: engine, transmission 
oil, and charge air.  Feedback control systems use 
strategically placed thermistors as input to maintain the 
fluid temperature of each circuit at the desired set point.  
The system was designed for use with “Diesel-grade” 
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electric cooling fans (Figure 8), replacing the power-
hungry hydraulic fan.  These fans are capable of 
providing the air flow necessary to handle the high heat 
loads of heavy duty Diesel engines and are designed to 
withstand the vibration and harsh environmental 
conditions typically found in the engine compartment of 
Diesel engine-equipped vehicles.  Figure 9 shows the 
general layout of the new system, while Figures 10 and 
11 show the system as installed in the vehicle. 

The heart of the system is the electric coolant pump 
(Figure 12), replacing the belt-driven water pump which 
was removed from the engine.  As shown in the cooling 
system diagram, the pump draws fluid from the exit of 
the heat exchanger or bypass tube, directing it toward 
the transmission oil cooler control valve (Figure 13).  
This valve regulates the amount of coolant flowing 
through the heat exchanger to maintain oil temperature.  
Coolant returning from the engine enters the electronic 
thermostat (also Figure 13), which replaces the 
mechanical thermostat in the engine.  The electronic 
thermostat will direct the coolant flow to the radiator or 
divert it back to the pump via the bypass, depending on 
the temperature of the coolant.  During cold starts and 
cold weather operation, these two valves allow heat from 
the engine to be used to warm the oil in the transmission, 
thereby making use of energy that might otherwise be 
lost through the radiator.  In addition, maintaining the oil 
temperature at optimum levels reduces viscous power 
losses in the transmission and improves shift quality. 

 

Figure 8. "Diesel Grade"  Electric Fan 

 

 

Figure 9. Cooling System Schematic 

 

 

Figure 10. New Cooling System 

 

 

Figure 11. Cooling System with Tray Extended 



5 

 

Figure 12. Electric Coolant Pump 

 

 

Figure 13. Electronic Thermostat/Valve 

 
As seen in Figures 11 and 14, all cooling system 
components are mounted on a tray attached to roller 
bearing slides to allow the tray to be extended out for 
maintenance.  Since the slide travel is 610 mm, this 
feature also provides space inside the engine 
compartment, allowing the mechanic to more easily 
access the engine and other components for service.  To 
reduce the amount of time necessary to prepare the 
system for roll out, a quick-drain fitting was installed in 
the radiator and all hoses were fitted with quick-
disconnect couplings.  The charge air cooler tubes were 
fitted with gasketed flanges and ring clamps.  

 

Figure 14. Slide-mounted Tray for Cooling System 

 
The radiator and charge air cooler used in the system 
were custom-built to match the performance of the fans, 
while meeting the requirements of the transit industry.  
Because the low-mounted radiators are susceptible to 
clogging from dirt and debris, most transit agencies 
specify that the fin density must be less than 12 fins per 
inch (fpi) and may not be louvered.  The radiator used in 
the system was a brazed aluminum unit with 12 fpi 
unlouvered wavy fins (Figure 15) and dimpled tubes.  
The brazed aluminum charge air cooler used a tube/fin 
construction with similar 11 fpi wavy fins.  These fins are 
commonly used in military and agricultural applications 
because of their resistance to clogging and ease of 
cleaning.  They also have much higher heat rejection 
performance than the flat plate fins typically used on 
transit buses.  In calorimeter testing with the electric 
fans, the radiator easily met the performance targets.  
Figure 16 shows the heat rejection with respect to air 
flow rate.  The radiator was designed to reject 125 kW of 
heat at an air flow rate of 6500 cubic feet per minute 
(cfm) at a coolant flow rate of 75 gallons per minute 
(gpm), at an incoming temperature difference (ITD) of 
52ëC.  This corresponds to an air temperature of 48ëC 
(118ëF) and a coolant temperature of 100ëC (212ëF).   
The test results showed that the actual heat rejection for 
the radiator/fan assembly was 123 kW at that air flow 
rate, but attained a peak of 147 kW at 8600 cfm. 

Unlike mechanically driven fans, the motors used in the 
electric fans allow them to be operated in the reverse 
rotational direction.  Exploiting this capability, software 
algorithms were added to the system controller to allow 
the fans to be reversed by actuation of a switch in the 
engine compartment.  Service personnel can use this 
feature to reverse the air flow of the fans to “blow out” 
debris that has accumulated in the grille or fins of the 
radiator.  Adding this 30-second task to the daily service 
routine may reduce the need for pressure washing of the 
radiator, saving time and reducing the chance of 
component damage that can occur during cleaning.  
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Figure 15. Unlouvered Wavy Fin 

 

 

Figure 16. Radiator Heat Rejection Test Data 

 
CONTROL SYSTEM 

Figure 17 shows the control system architecture.  The 
electric water pump and each of the electric fans contain 
brushless DC motors while the electronic thermostat and 
the transmission oil cooler control valve each contain 
stepper motors for their actuation.  Each of these 
electrified components is driven by an electronic control 
unit specifically designed to drive a brushless DC motor 
or stepper motor.  Each component controller receives 
its actuation commands from a thermal management 
controller via a J1939 CAN (Controller Area Network) 
communication link. The thermal management controller 
measures thermal system parameters and obtains 
engine and transmission parameters from the vehicle 
communication link (also a J1939 CAN communication 

link).  Based upon these parameter inputs, the thermal 
management controller commands each of the electrified 
components to the desired operating condition to 
properly regulate and manage the thermal system. 
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Figure 17. Control System Architecture 

 
The engine intake manifold temperature is regulated at 
or below a specified set-point by changing the fan speed 
of the charge air cooler.  The thermal management 
controller measures intake manifold temperature and 
applies a feedback control strategy to determine the 
necessary fan RPM command to maintain the measured 
temperature at the set-point.  This strategy results in the 
minimum fan speed necessary and thus minimizes the 
power consumption for the cooling of the engine’s intake 
air. 

Transmission oil temperature is regulated by changing 
the flow of the engine coolant through the transmission 
oil cooler which normally transfers heat from the 
transmission oil to the engine coolant.  The engine 
coolant flow through this heat exchanger is determined 
by a combination of the position of the transmission oil 
cooler control valve and the speed of the electric water 
pump.  To perform this regulation, the thermal 
management controller measures the transmission oil 
temperature and applies a feedback control strategy that 
first attempts to increase engine coolant flow through the 
transmission oil cooler by opening the transmission oil 
cooler control valve, while maintaining current electric 
water pump speed.  If the flow resulting from the full 
actuation of the control valve is insufficient, then the 
thermal management controller will increase the pump 
speed as necessary to regulate the transmission oil 
temperature to the set-point value.  This strategy 
minimizes the power consumption necessary to regulate 
the transmission oil since the actuation of the control 
valve consumes very little power relative to the electric 
pump.  By driving the pump only as fast as is necessary 
to regulate the oil temperature to the set-point value, the 
minimized power consumption is realized. 

The engine coolant temperature is regulated by the 
electronic thermostat valve, the electric water pump and 
the electric fans attached to the radiator.  Heat is 
removed from the engine coolant by flowing coolant 
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through the radiator simultaneous with passing air across 
the radiator.  Increased cooling can be obtained by 
increasing the coolant flow or by increasing the air flow.  
The thermal management controller measures engine 
coolant temperature and performs a feedback control 
strategy to minimize the power consumption necessary 
to regulate the engine coolant temperature to a set-point 
value.  When the engine coolant is far below the set-
point value (as during engine warm-up conditions), the 
thermal management controller commands the 
electronic thermostat valve to completely close off flow of 
the engine coolant to the radiator to prevent heat from 
being removed from the system.  This allows the engine 
coolant temperature to warm up to operating 
temperature as fast as possible which improves engine 
operation and reduces the time needed to provide heat 
to the passenger compartment.  When the engine 
coolant temperature reaches the set-point temperature, 
the thermal management controller then commands the 
electric fans to turn on to their minimum operating speed 
to provide air flow across the radiator while a feedback 
control strategy regulates temperature by controlling the 
coolant flow through the radiator via electronic 
thermostat position commands.  This minimizes power 
consumption since the actuation of the stepper motor 
driven electronic thermostat consumes very little power 
relative to the electric pump and fans.  If the fans being 
commanded to minimum speed and the full actuation of 
the electronic thermostat are insufficient to regulate the 
engine coolant temperature, then the thermal 
management controller will command an increase in fan 
speed and/or pump speed.  Since increasing air flow 
across the radiator and increasing coolant flow through 
the radiator both increase the heat removed from the 
coolant, the thermal management controller commands 
the combination of fan speed and pump speed that 
consumes the minimum electrical power necessary to 
remove the heat from the system. 

During system warm-up, the thermal management 
controller may also be able to realize an additional 
electrical power savings when the transmission oil 
temperature is below the engine coolant temperature.  
This savings is attained by routing of the engine coolant 
through the transmission oil cooler and thereby 
transferring heat from the engine coolant to the 
transmission oil instead of turning on the electric fans to 
reject heat through the radiator.  This consumes less 
electrical power by keeping the electric fans off longer 
and also improves transmission efficiency due to 
increased transmission oil temperatures. 

POWER SAVINGS 

The duty cycle of transit buses is unique from most other 
heavy duty vehicles in that they spend a high percentage 
of their time at idle and near idle conditions, rarely 
experiencing high engine loads or high vehicle speeds.  
In operation, the national average speed of transit buses 
is only 20.6 kph (12.8 mph)5. Cooling system loads are 
relatively low under these conditions, so these vehicles 

will see a fuel consumption benefit from a reduction in 
cooling system-related drive power loads at idle and light 
load conditions. 

The fuel economy benefits can be attributed to several 
sources: 

·  Electrically-driven cooling system components 
allow performance optimization 

·  Reduced cooling system flow restriction 
·  High alternator efficiency 
·  Improved battery charge maintenance 
·  Improved thermal control allowing tighter control 

of fuel management system 
·  Reduced frictional losses when oil is maintained 

at the optimal temperature 
 
The first four items make the greatest contribution to the 
power savings, compared to a conventional bus.  
Reducing the flow restriction by eliminating the 
mechanical thermostat and careful design of the 
plumbing has a direct impact on the size of the pump 
and the amount of power required to drive it.  The 
efficiency of the alternator in generating electrical power 
also has a direct impact on the amount of crankshaft 
power required to produce that power.  The biggest 
contributors to the power savings are the cooling fans 
and pump, compared to the mechanically- or 
hydraulically-driven devices that they replace.  The 
results of a comparative analysis are shown in Figure 18.  
At maximum operating speed, the electrically-driven 
components consume almost 20 kW less crankshaft 
power than do the mechanical water pump and hydraulic 
cooling fan. 

 

 

Figure 18. Power Consumption 
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On the most common alternator used on transit buses, 
maximum output is produced only when engine 
crankshaft speeds exceeds 1200 rpm.  At idle speeds, 
the maximum output drops to about 58%, as shown 
previously in Figure 7.  Consequently, the electrical 
power demanded by the HVAC system, lights, video 
surveillance system, audio, etc. exceeds the ability of the 
alternator to supply power at idle conditions.  Any deficit 
is made up by drawing power reserves from the battery 
pack.  If the bus makes many stops or remains at idle for 
an extended period of time, the battery state of charge 
can become quite low.  When the bus accelerates, the 
output of the alternator again increases, but the 
alternator must now provide electrical power for the 
vehicle loads and to attempt to recharge the battery 
pack.  The increased current demand on the alternator 
must be matched by increased power from the engine to 
drive the alternator, thereby increasing the fuel 
consumption.  Additionally, typical lead-acid batteries can 
withstand only a finite number of charge-discharge 
cycles before they must be replaced.  The high loads 
placed on the charging system also increase the rate of 
wear on the alternators and belt drive systems.  During 
interviews with maintenance personnel, several transit 
agencies have indicated that batteries are typically 
replaced every 6-12 months and that alternators must be 
rebuilt or replaced about once a year. 

The alternator used in the mini-hybrid demonstration 
vehicle can supply up to 600 amps of electrical power 
even at engine idle conditions, which is more than 
sufficient to provide power to all systems even in the 
unlikely event that all are operating at their maximum 
power condition.  Additionally, the alternator controller 
contains advanced circuitry and algorithms to monitor 
voltage and temperature at the battery pack to maintain 
the state of charge in the 95-100% range at all times.  All 
this is accomplished using only about 20% more drive 
power (at maximum output) than the most popular 
alternator currently used in the transit industry.  During 
development of the alternator, a similar system was 
installed on an articulated bus operated by a major 
Western US transit agency, where batteries were 
typically replaced every six to nine months.  After 
installation of the alternator, battery life was extended to 
over 18 months. 

WEIGHT SAVINGS 

The weight of all components removed from the vehicle 
totaled 280 kg.  This included the radiator, charge air 
cooler, frame bracket, fan and shroud, alternator, coolant 
pump, hydraulic pump, hydraulic reservoir, and all of the 
associated plumbing. 

The weight of all components comprising the new 
system totaled 270 kg, for a savings of 10 kg.  This 
included the alternator, radiator, charge air cooler, fans, 
pump, electronic valves, controllers, power steering fluid 
reservoir, plumbing, slide tray, and roller slides. 

The total weight can be expected to be reduced further 
as the system design is refined. 

COST SAVINGS 

Annual Fuel Costs 

Table 1 shows a summary of the annual fuel 
consumption of three fictitious bus fleets.  Fleet 1 owns 
500 Diesel-powered buses.  Fleet 2 has 495 Diesel-
powered buses and 5 hybrid buses.  Fleet 3 has 400 
Diesel-powered buses and 100 mini-hybrid buses.  
Assuming that each bus is driven 50,000 miles per year, 
Fleet 2 will consume about 10,400 gallons less fuel than 
Fleet 1, while Fleet 3 will realize a savings of over 41,600 
gallons of fuel.  If Diesel fuel costs $2.50 per gallon, 
Fleet 2 will save about $26,000 annually, while Fleet 3 
will spend over $104,000 less on fuel than Fleet 1.  In 
production volumes, the capital outlay for the 5 hybrid 
buses and the 100 mini-hybrid bus systems would be 
comparable. 

 Fleet 1 Fleet 2 Fleet 3 

Diesel Buses (4.8 
mpg) 500 495 400 

Hybrid Buses 
(6.0 mpg) 0 5 0 

Mini-Hybrid 
Buses (5.0 mpg) 0 0 100 

Annual Miles per 
Bus 50,000 50,000 50,000 

Annual Fuel 
Consumption 

(gallons) 
5,208,333 5,197,917 5,166,667 

Fuel Savings 
(gallons) -- 10,416 41,666 

Cost Savings 
($2.50 per gallon) -- $26,040 $104,165 

Table 1. Comparison of Fuel Savings 

 

PERFORMANCE VERIFICATION 

Before the bus was returned to service, it underwent a 
three-step process to verify performance of the 
components and prototype cooling system. 

·  Component bench testing 
·  Simulated city driving routes 
·  Highway and grade operation 

 
Component Testing 

In the first step, the performance of all of the new 
components was verified on the test bench, including the 
electric pump, electric fans, electronic valves, radiator, 
charge air cooler, and the alternator.  In addition, all of 
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the components except the alternator have been 
subjected to pre-production development testing, 
including durability, vibration, salt spray, environmental 
chamber, and EMI/EMR.  The alternator used in this 
project is a prototype which has not yet been subjected 
to the battery of tests. 

City Driving 

In the second step, the bus was operated on several 
different bus routes in San Diego, California to evaluate 
its performance during typical stop-and-go operation.  
Selected routes included urban areas where high traffic 
and low speeds were common and suburban routes 
where vehicle speeds were higher and stops further 
apart.  The bus was instrumented to monitor key fluid 
temperatures, including coolant, oil, and engine intake 
air.  The charging system was also instrumented to 
monitor voltage and current draw during operation.  In 
addition, key parameters of the cooling system were 
monitored through its system controller, including motor 
speed, controller voltage, controller power consumption, 
and thermistor values.  All data was recorded on a laptop 
computer for later analysis. 

Data collected during one operation on a suburban route 
are shown in Figures 19 and 20.  Figure 19 shows the 
temperature of the transmission oil, engine coolant, and 
engine intake air, superimposed on the setpoint 
temperature for each fluid.  The fluctuations seen in the 
transmission oil temperature correspond to the 
application of the brake pedal, which also activates the 
hydraulic retarder in the transmission.  The retarder 
operation generates heat which is removed by the 
transmission oil as the bus is slowed.  As shown in the 
system diagram in Figure 8, the oil is cooled by engine 
coolant and the heat is dissipated through the radiator.  
Despite the fluctuations in temperature, the system was 
fully capable of maintaining oil temperature within a tight 
band around a setpoint of 125ëC. 

Similarly, engine temperature was controlled to a 
setpoint of 92ëC within a tight band with a few minor 
excursions corresponding with the application of the 
hydraulic retarder. 

The temperature of the engine intake air was also held to 
a setpoint temperature of 55ëC, with only a few 
excursions as high as 59ëC. 

What is most significant about this system is that it 
replaces one in which the transmission oil and engine 
intake air temperature is not directly controlled.  
Previously, the flow of coolant through the transmission 
oil cooler was dependent on the position of the engine 
thermostat.  The flow of cooling air through the charge 
air cooler was completely dependent on the operation of 
the radiator fan, which itself was controlled by the 
temperature of the engine coolant.  Thus, neither system 
was tightly controlled, so it might have been possible to 
experience high fluid temperatures under certain 

conditions if the engine coolant temperature was below 
the opening temperature of the thermostat or the 
hydraulic fan switch. 

 

Figure 19. Key Temperatures During City Driving 

 
Figure 20 shows the typical electrical power 
requirements of the entire cooling system, along with the 
current demand on the alternator for the same route.  On 
an average, the cooling system consumed 221 Watts to 
maintain the desired fluid temperatures, while the total 
load on the alternator was 578 Watts or 20.6 amps at 28 
volts.   

 

Figure 20. Electrical Power During City Driving 

 
Highway and Grade Testing 

After the city driving portion, the bus was transported to 
Arizona for further evaluation.  Just over the Arizona 
border from Laughlin, Nevada is a section of Arizona 
Highway 68 known to testing personnel in the automotive 
industry as the “Davis Dam Grade”.  Exhibiting a nearly 
steady 6% grade for a distance of over 10 miles (Figure 



10 

21), it is commonly used for evaluating vehicular cooling 
systems. 

 

Figure 21. Road Grade on Arizona Highway 68 

 
After several runs up and down the hill to verify the data 
acquisition system, the bus was subjected to severe 
stop-and-go driving up and down the grade.  Intended to 
tax the system beyond what would be normally be seen 
during actual operation, this driving schedule placed a 
heavy load on the engine and charge air cooling system 
upon acceleration, and on the transmission oil cooling 
system upon brake application.  Key fluid temperatures 
are shown in Figures 22, 23, and 24. 

Figure 22 shows that the engine coolant temperature 
was controlled to a nominal temperature of 92ëC.  
However, a cyclical pattern can be seen where the 
coolant temperature varied from about 85ëC to 97ëC.  
Normally, the system is capable of controlling coolant 
temperatures to within +/-2ëC.  After investigation, it was 
determined to be caused by the activation of a solenoid 
valve in the HVAC coolant circuit. 

 

Figure 22. Engine Coolant Temperature 

When the HVAC control system calls for heat, the valve 
opens and coolant begins to flow.  However, the coolant 
that was already in the HVAC hoses has cooled to nearly 
ambient temperature.  When the valve opens, the cool 
fluid is returned to the engine coolant circuit where the 
control system senses that the coolant temperature is 
lower than the set point.  It then commands the 
electronic thermostat to increase the bypass flow in order 
to increase the coolant temperature.  However, the cold 
slug of coolant passes through the engine in a matter of 
seconds, followed again by hot coolant which causes the 
control system to command the electronic thermostat to 
increase flow to the radiator.  This pattern can be easily 
seen in the data taken between 3500 and 4500 seconds 
into the run.  During this period, the bus sat idling on the 
roadside, so the only disturbance was from the HVAC 
valve.  This unanticipated perturbation to the system 
could be remedied by replumbing the coolant return lines 
to a location where the coolant would have more time to 
mix before it reached the thermistor. 

Figure 23 shows the temperature of the transmission oil 
during operation.  As seen in the city-driving segment, 
the oil temperature increases upon actuation of the 
hydraulic retarder.  The most severe test for this system 
was in the downhill portion of the test, which began at 
about 2800 seconds into the run.  Each “spike” 
represents a braking event from about 80 kph to a 
complete stop, followed by a moderate acceleration back 
to 80 kph.  These braking events occurred at intervals of 
about 1 minute until the bus reached the bottom of the 
grade.  Despite the severity of the operation, the control 
system was capable of maintaining control of the oil 
temperature, which never exceeded the 150ëC limit set 
by the transmission manufacturer. 

 

Figure 23. Transmission Oil Temperature 

 
The intake manifold air temperature is shown in Figure 
24.  Despite the severe accelerations during the uphill 
portion of the run, the intake manifold temperatures 
remained within a tight band around the 55ëC setpoint.   
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Figure 24. Intake Manifold Air Temperature 

 
More City Driving 

After completion of the highway testing in Arizona, the 
vehicle was transported back to Portland, Oregon where 
it was placed back into revenue service.  It will continue 
to be evaluated under normal operating conditions.  Fuel 
consumption and maintenance costs will be closely 
monitored. 

FUEL ECONOMY 

TriMet maintains accurate records on all buses in their 
fleet in order to track vehicle usage, fuel costs, 
maintenance costs, and other information used to 
manage the fleet.  After returning to revenue service, the 
fuel consumption for bus #2720 for the first month of 
operation was compared to that recorded during the 
same period in 2004.  While specific details on the 
routes, drivers, downtime, etc. are not known, the mini-
hybrid bus demonstrated a 2.3% increase in fuel 
economy. 

The fuel consumption of bus 2720 was also compared to 
other buses in the 2700-series fleet.  This was a non-
scientific comparison as it does not take into account the 
different routes, different drivers, total driving distances, 
nor does it account for buses that have been pulled from 
their routes for maintenance.  Still, Figure 25 shows that 
the fuel economy is about 10.5% better than the average 
for the fleet during the time period of March 15 to August 
22, 2006.  All of the other buses in the fleet are equipped 
with the production hydraulically-driven fans.  It is 
anticipated that the bus will exhibit an average of 5-7% 
fuel economy improvement on an annual basis.  During 
the cooler months (Figure 26), the accessory drive loads 
between 2720 and the other buses are expected to be 
similar since the hydraulic fans will be operating at a 
lower duty cycle. 

Bus 2720 will be operated in its normal rotation in the 
TriMet fleet for the next 8 to 12 months, during which its 
performance will continue to be monitored.  As additional 

data is collected, the variability caused by driver, 
weather, route, and other differences will diminish, 
allowing for more confidence in the comparison with 
other buses in the fleet. 

While a formal fuel economy testing process would 
reveal the fuel economy gains of the mini-hybrid system 
with a high level of confidence, fleet testing of the system 
will provide some insights into its ‘real world’ 
performance that could not otherwise be gained. 

 

Figure 25. TriMet 2700 Fleet Fuel Economy 

 

Figure 26. Portland Oregon Temperatures 
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CONCLUSION 

A mini-hybrid transit bus has been developed that has 
demonstrated: 

·  improved powertrain thermal management 
·  reduced cooling system weight 
·  improved fuel economy 

 
and is expected to have significantly reduced 
maintenance, insurance, and acquisition costs, 
compared to other vehicles with alternative powertrains.  
The performance and affordability of this system will 
make it attractive to transit agencies, large and small, 
allowing them to convert a significant portion of their 
existing fleets to mini-hybrid vehicles. 
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