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ABSTRACT 

The EPA is developing a new generation emissions 
inventory model, MOVES (Motor Vehicle Emissions 
Simulator). The first version of the model outputs fuel 
consumption based on available modal data. However, 
due to the limited heavy-duty vehicle data, MOVES rates 
need to be supplemented with rates determined with the 
Physical Emission Rate Estimator (PERE). PERE 
combines vehicle tractive power together with vehicle 
powertrain parameters specific to the class of vehicle; 
the vehicle weight, shape, engine type, and transmission. 
Analysis of in-use data for heavy-duty diesel tractor-
trailer vehicles, city transit diesel buses, and 
dynamometer non-road diesel engines has enabled a 
determination of diesel engine efficiency and friction and 
transmission shift schedules for these engines and 
vehicles. These model parameters and a comparison of 
the model results to measured fuel consumption and 
CO2 emissions are presented. 

INTRODUCTION 

Vehicle fuel consumption is directly related to the vehicle 
power consumption which has an implicit time 
dependence realized in the speed-time trace or cycle 
under which the vehicle has been driven. However, only 
until recently with the availability of time-resolved speed, 
emissions and fuel consumption measurements has this 
relationship been employed to develop vehicle emissions 
models1-15 which more accurately estimate emissions 
from vehicles on any driving cycle. There are two 
approaches being used. One1-6 uses the correlation 
between vehicle tractive power or vehicle specific power 
(VSP) with emissions and the second7-15 more complete 
approach considers all of the major power consumption 
components, i.e., vehicle tractive power, engine friction 
and efficiency and transmission efficiency and shift 
schedule.  

Currently, the US EPA is basing its emissions modeling  
efforts (MOVES)16 on correlations of emissions with VSP 
(i.e., tractive power divided by vehicle mass) 
supplemented with a model (PERE)14,15 based on the 
second  more complete treatment of vehicle power 
consumption. In this work, the road load, engine and 
transmission parameters for diesel transit buses and 
heavy-duty diesel trucks which will be used in PERE are 
described. The data used to determine the parameters 
were from on-road heavy-duty diesel truck17-21 (University 
of Riverside’s CE-CERT) and USEPA sponsored city 
transit bus22 measurements. Engine efficiency for non-
road engines from USEPA sponsored dynamometer 
based measurements23, 24 have also been determined. 
Comparison of results for model calculated fuel 
consumption and CO2 emissions with measured on-road 
values are given. 

MODEL DESCRIPTION 

As mentioned earlier, equating vehicle power to vehicle 
fuel consumption and emissions is central to the 
workings of the internal combustion engine. All major 
components of the vehicle which contribute to the 
consumption of power from fuel ignition to rolling tires 
have been studied and continue to be studied. However, 
efforts to include these components in emissions 
modeling have only been taken in earnest when time-
resolved emissions data have become available. This 
work is based on the more complete treatment of vehicle 
power consumption which includes engine friction and 
efficiency, vehicle transmission, and vehicle road load 
parameters. These parameters are employed in this 
work to estimate fuel consumption and CO2 emissions 
from heavy-duty diesel trucks and diesel transit buses. 
Since this work is mainly concerned with parameter 
development for heavy-duty trucks and transit buses and 
because the diesel version of this model has been 
described in detail in earlier work10, only a schematic 



description of the model and its parameters will be given 
here. 

There are four major components of this model, (i) 
engine friction and efficiency, (ii.) engine maximum 
torque map, (iii.) vehicle transmission, and (iv.) vehicle 
road load parameters. All of these components, but the 
vehicle transmission parameters, can be derived from a 
relationship for fuel consumption, FR,7-15 

 

 

 

 

where N is engine speed in revolutions per second, Vd is 
the engine displacement in liters, LHV is the fuel lower 
heating value in kJ/kg, ηi in the indicated engine 
efficiency, k is engine friction in kPa, bmep is the brake 
mean effective pressure in kPa, fmep is the friction mean 
effective pressure in kPa, P is the sum of the vehicle 
tractive power and accessory power both in kW.  

ROAD LOAD PARAMETERS 

Vehicle road load parameters and transmission 
efficiency, ηt, are contained in the sum of the tractive 
load, Ptrac, and accessory power, Pacc, term, P, 

 

 

 

where the terms in the tractive power equation are 
defined at the end this document. Tire rolling loss terms, 
CR0, CR1, and CR2, and aerodynamic loss terms AfCDρair/2 
determined in this work are all contained in the 
expression for tractive power, Ptrac.  

ENGINE FRICTION AND EFFICIENCY 

Heavy-duty diesel engine friction and efficiency 
parameters are determined using a Willans curve 
methodology (e.g., Heywood25) based on the fuel rate 
equation and the following definition of fuel mean 
effective pressure, fuel mep7-15. The fuel mean effective 
pressure (total fuel consumed in units of pressure) can 
be related to the indicated mean effective which is the 
sum of the bmep and the engine friction7-15 by 

 

 

 

 

 

 

where is the engine friction. Explicitly, the engine friction 
can be parameterized25,26 in terms of the engine speed, 
N,  and the mean piston speed, Sp

2 ,  

 

In this work the engine friction is only determined as a 
function of engine speed.  

TRANMISSION PARAMETERS 

The heavy truck and transit bus transmission modeling is 
more simply stated as a mapping between time-resolved 
engine and vehicle speed (shift schedules). The mapping 
includes ratios of engine speed to vehicle speed for each 
gear and either a single value of the engine maximum 
torque (or power) or the engine’s maximum torque (or 
power) dependence on engine speed. In this work the 
shift schedules were determined from on-road vehicle 
speed and engine speed measurements. To allow for 
downshifting, a maximum engine torque map was 
developed from a number of manufacturer specified 
maximum torque maps. It can be scaled according to the 
vehicle’s rated engine maximum torque (or power). (The 
maximum engine torque maps allow for a check on 
engine power in a given gear. If the vehicle power is 
larger than the maximum power, the gear is lowered.) 

DATA 

On-road heavy diesel truck17-21 and transit bus22 based 
measurements, non-road diesel engine dynamometer 
based measurements23,24, and literature searches were 
used to determine model parameters. The on-road data 
was from an EPA study of diesel transit buses22 and a 
CE-CERT study17-21 of loaded heavy-duty diesel tractor 
trailers. Table 1. is a short list of the vehicles and 
engines in each study along with technical specifications 
regarding vehicle mass, engine size, etc.. More detailed 
information about the vehicles and engines can be found 
in the references listed. 

In the EPA study22 15 city transit buses were driven 
without passengers along established Ann Arbor Transit 
Authority (AATA) bus routes. Pollutant (HC, CO, CO2, 
and NOx) emissions, vehicle speed, engine speed, fuel 
consumption, engine load, and other engine parameters 
were recorded from the vehicle’s electronic control 
module (ECM), a global positioning system (GPS), and a 
portable emissions measurement system (PEMS).  
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CE-CERT in-

use heavy 
trucks17-19 

EPA in-use 
buses20 

EPA non-road 
engines21-22 

# of vehicles 
or engines 12 15 17 

model year 
range 1997 to 2001 1995 to 1996 1988 to1999 

mass range 
(metric tonne) 26.5 to 28.1 12.0 - 

odometer 
(km) 

12,800 to 
83,865,000 

320,300 to 
457,000 - 

rated 
torque@rpm 

(N-m) 

187@1200 to 
242@1200 123@1200 23.5@2200 to 

366@1400 

engine 
displacement 

(liters) 
10.8 to 14.6 8.5 0.2 to 34.5 

# of gears 9 to13 6 - 

Table 1 Abbreviated listing of specifications for the 
vehicles and engines used in this study.  

 

Heavy-duty diesel tractor trailer data were from an in-use 
emissions study17-21 of 12 heavy-duty diesel trucks 
conducted by the Center for Environmental Research & 
Technology (CE-CERT) at the University of California at 
Riverside with its own on-road emissions measurement 
system. Emissions, vehicle speed, engine speed, etc. 
were measured while driving the trucks on specific 
routes between Riverside, CA, Victorsville, CA, and Palm 
Springs, CA, and other engineered cycles. In this study 
data from 9 of the 12 trucks driven on the inter-city runs 
and other on-road runs and engineered cycle were used. 

The 17 non-road diesel engine data were taken from two 
EPA sponsored studies23,24 contracted through 
Southwest Research Institute. The non-road diesel 
engines varied from a small 0.2 liter electric generator 
diesel engine to a 34.5 liter diesel locomotive engine. 
Engine friction and efficiencies for this set of engines 
was determined from engine dynamometer based 
measurements of pollutant emissions, engine load, 
engine speed, and fuel consumption.  

ROAD LOAD PARAMETERS 

Tractive road-load coefficients for heavy-duty vehicles, 
i.e., tire rolling and aerodynamic losses, were determined 
from literature searches and compared to parameters 
extracted from coast downs of the CE-CERT heavy-duty 
trucks. The literature search yielded numerous studies of 
tire rolling resistances3,27-37. Of these studies there was 
one relatively recent comprehensive study27 in terms of 
the range of vehicles, i.e., a total of 28 vehicles in the 
Russian fleet from passenger cars to heavy-duty tractor 
trailers pulling two cargo trailers. Comparisons of the 
parameters in these studies and the coast down results 
show consistent values of rolling loss coefficients. But 
the aerodynamic loss coefficients (CDA) for the Russian 
fleet are approximately 35% lower than those typical in 
the U.S. fleet. 

Aerodynamic drag coefficients, CDAf, extracted from the 
Petrushov27, Andrei3, the EPA report30, and the coast 

down study of this work are listed in Table 2. Standard 
deviations reported with the Petrushov work include the 
inter-vehicle differences and the reported measurement 
errors. Standard deviations reported with the coast 
downs are determined from the fitting procedure. 
Petrushov27 trucks were divided into three classes. One 
class was all tractor trailers. The other two classes were 
a split of single unit delivery trucks, i.e., those that had 
lengths between 5 to 6 meters and those which had 
lengths between 7 to 8 meters. Values for buses from 
Petrushov27 (lengths between 9 to 12 meters) and 
Andrei3 are also listed. Figure 1 illustrates the speed 
dependence of the aerodynamic drag coefficients listed 
in Table 2 in terms of the aerodynamic loss force,  
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These comparisons reveal that the tractor-trailer 
numbers are about 35% smaller than those typical 
values reported in the U.S. fleet (Table 1). The frontal 
areas, Af, of the tractor-trailers in the Petrushov27 work 
are on average about 9 m2 whereas in the U.S. the 
frontal areas are 10 to 12m2. The USEPA report30 
illustrates that values of CD from the U.S. fleet can vary 
between 0.5 and 0.8. The Petrushov27 work also includes 
differing types of air foils for loss reduction which is 
reflected in the inter-vehicle standard deviation. 
(Additional aerodynamic factors from transverse, or 
cross, winds are not accounted for with the aerodynamic 
parameters presented here.) 

The tire rolling loss force is both hysteretic and elastic37. 
It is dependent on the imprint of the tire on the road and 
a complete treatment would include factors such as 
temperature, load, and vehicle speed37. However, for the 
purposes of this work only the speed dependence will be 
considered. Explicitly, the speed dependence of heavy-
duty truck tire rolling loss force can be represented by a 
polynomial, 

( )⋅⋅⋅+++⋅= 2
210 vCvCCMgF RRRroll  

where the higher order terms are included for higher 
speed vehicle operation37. Figure 2 displays the speed 
dependence stated by a number of authors along with 
the results of the CE-CERT truck coast downs. (For 
comparison with the aerodynamic force, the 
aerodynamic force coefficient determined from the CE-
CERT truck coast downs is also included.) The 
agreement with the 1984 work of Yong and Segel33 is 
within the 20% measurement and vehicle-to-vehicle 
variability in the Petrushov27 results illustrated by error 
bars. One exception which is out of the range of the 
uncertainties is the 1974 radial ply tires which are an 
additional 15% (a total of about 35%) lower than the 
rolling resistance losses developed from the Petrushov 
work. 

 



 

 

 

 

source vehicle 
description 

CDAf 
(m2) 

standard 
deviation 

(m2) 
CE-CERT 
from coast 

downs 

tractor-trailer 
combo 7.2 4.5 

(63%) 

Petrushov, 
1997 

tractor-trailer 
combo 4.8 1.6 

(33%) 
McCallen, 

1999 
tractor-trailer 

combo 7.5 - 

Andrei, 
2001 buses 4.2 - 

Petrushov, 
1997 buses 5.4 0.8 

(14%) 

Petrushov, 
1997 

box trucks 
and vans, 

length ~5 to 6 
m 

2.4 0.6 
(24%) 

Petrushov, 
1997 

box trucks 
and vans, 

length ~7 to 8 
m 

3.2 0.7 
(20%) 

Petrushov, 
1997 cars 1.2 0.6 

(48%) 
 

source 
Aerodynamic 
loss reduction 

feature 

CDAf 
(m2)  

(frontal 
area 

Af=10m2) 

 

None, 40” 
trailer gap 7.5 - 

Roof deflector 6.4 - 

Full 
aerodynamic 

package 
5.8 

- 

Reduced 
trailer gap, 

18” 
5.6 

- 

USEPA, 
2002 / 
Detroit 

Diesel Spec 
Manager 
Software 

Cab over 
engine 5.1 

- 

Table 2. Aerodynamic loss coefficients from the literature 
and from the coast downs of the CE-CERT heavy-duty 
trucks. The USEPA report distinguished between 
different types of air foils used on tractor trailer trucks 
user to reduce aerodynamic losses. 

 

 

 

 

 

 

 

 

Figure 1. Comparison of aerodynamic loss force using 
selected parameters fro the buses and the heavy-duty 
trucks from Table 1. The Petrushov27 results are 
approximately 35% lower than the results from the U.S. 
fleet. 

 

 

 

 

 

Figure 2. Comparison of the rolling loss forces per unit 
vehicle weight. Most studies fall within the variances of 
the values reported in the Petrushov27 work. 

 

 

For historical reasons and convenience, the form of the 
road load equation used in MOVES and PERE is in 



terms of the A, B, and C dynamometer coefficients. 
Explicitly, the road load force takes the form, 

2CvBvAF ++= . 

So, assuming for heavy-duty trucks the rolling resistance 
has a zero and second order dependence on speed, the 
relationships between the A, B, and C coefficients and 
the rolling loss and aerodynamic loss coefficients are  
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where the CR0 and the CR2 are the zero and second order 
(in speed) rolling resistance force terms.  

Dynamometer based emissions testing use empirical A, 
B, and C tractive road-load parameters which can be 
related to the rolling resistance and aerodynamic drag 
coefficients through the speed dependence of the road 
load equation. Because they are empirically determined 
they may include additional factors such as axle 
rotational inertia which can account for approximately 6% 
of an 18 wheel tractor-trailer’s kinetic energy. (This can 
be approximated by a simple kinematic analysis of the 
rotational energy of the truck’s wheels, tires, and axles). 
Also, additional aerodynamic factors from transverse, or 
cross, winds are not accounted for with the aerodynamic 
parameters presented here. 

Finally, Table 3 lists the form of the coefficients that are 
developed from Petrushov as a function of vehicle mass 
and according to the three heavy-duty truck and the 
single bus categories described above. The three 
parameters are listed as the typical road load A, B, and C 
coefficients. The four different categories are two single 
unit delivery categories, the tractor-trailer category, and 
the bus category. The two single unit delivery categories 
correspond to the two smallest weight categories. 

In summary, these tire rolling loss parameters are in 
reasonable agreement with values from recent literature, 
but the aerodynamic loss coefficients are lower than 
what might be expected in the U.S. fleet. The tire rolling 
losses lie within the variability range of tire rolling losses 
determined within the last 30 years. The agreement is 
better for the latter U.S. fleet measurements. The 
uncertainty in the rolling losses is within 20%. 
Petrushov25 aerodynamic loss coefficients were found to 
be lower than the reported values from the U.S. fleet. For 
example, the values for an 80,000lb tractor-trailers are 
about 35% lower, with a CD of 0.6 and a frontal area of 
12.5 m2 (e.g., McCallen32). The Petrushov27 aerodynamic 
losses have an uncertainty of about 25% which includes 
a 5% measurement error along with about a 17% 
vehicle–to-vehicle variability. MOVES aerodynamic 
heavy-duty road load coefficients will be updated to 

reflect the higher values of aerodynamic losses more 
typical to the U.S. fleet. 

 

Vehicle 
classification 

A 
(kW*s/m) 

B 
(kW*s2/m2) 

C  
(kW*s3/m3) 

8500 to 
14000 lbs 
(3.855 to 

6.350 tonne) 6.2204
0996.0 M 0 

2205

51022.547.1 M−×+  

14000 to 
33000 lbs 
(6.350 to 
14.968 
tonne) 

6.2204
0875.0 M 0 

2205

51090.593.1 M−×+  

>33000 lbs 
(>14.968 

tonne) 6.2204
0661.0 M 0 

2205

51021.489.2 M−×+

Buses 
6.2204

0643.0 M 0 
2205

51006.522.3 M−×+  

Table 3. A, B, anc C road load parameters developed 
from Petrushov.  

 

ENGINE PARAMETERS 

A Willans line methodology7-15 is used to determine both 
the engine efficiency and the engine friction of the heavy-
duty diesel engines studied in this report. To construct 
the Willans line for these engines, instantaneous values 
of fuel mep and bmep were determined from 
measurements of fuel flow, engine speed, and engine 
load. The non-road engine measurements23,24 were 
made on an engine dynamometer. The measurements 
for the CE-CERT truck17-21 and the AATA bus 
measurements20 were made with portable emissions 
measurement systems which recorded engine control 
module (ECM) , emissions, and the Global Positioning 
System (GPS) data. This section describes the use of 
these in-use data to determine engine efficiency and 
friction using an extension of the Willans methodology 
first developed by An and Ross7. 

Data from the non-road engine study, AATA buses and 
the CE-CERT trucks had fuel flow measurements from 
which the fuel mean effective pressure could be 
determined: 

 fuel mep = nR*(1000/100)[bar/MPa]*FR*LHV/VdN 

where the fuel rate, FR, has units of kg/s, the diesel fuel 
lower heating value, LHV=43MJ/kg, engine speed, N, is 
in units of rev/s, the engine displacement, Vd, is in units 
of m3, and nR is 2 for four stroke engines. The factor of 
1000/100 is a conversion factor from MPa to bar as 
indicated within the boxed parentheses. 

Brake mean effective pressure or bmep is determined 
from engine torque and engine speed measurements for 
the non-road engines. For both the buses and the CE-
CERT trucks, the bmep is determined from manufacturer 



engine maximum load curves, engine speed (N), and 
engine percent load measurements taken from the 
engine control module (ECM). From the above quantities 
and the engine displacement, the bmep is calculated as 
follows, 
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where % load is the measured percent of the maximum 
engine load, Vd is the engine displacement, N is the 
measured engine speed, and Pmax(N) is the maximum 
engine load (and includes volumetric efficiency22).  

Figures 3 and 4 illustrate typical fuel mep vs. bmep 
curves for all of the non-road engine dynamometer 
based measurements and for the CE-CERT truck 1 on-
road measurements, respectively. The CE-CERT truck 
plot includes only those points where the vehicle 
acceleration is greater than zero. Clearly, the on-road 
measurements illustrate the scatter associated with 
operation of the engine at many of the possible points of 
the engine map and indicate that a further refinement or 
data reduction will be needed to determine an accurate 
engine speed-engine friction relationship. The non-road 
engines, operated on a dynamometer, are restricted to 
the constant load operating points. 

Table 4 lists the individual non-road engine results for 
indicated engine efficiency, η, and the fit statistics. The 
non-road engine efficiencies range between 39% and 
46% with an average value of 43% and a standard 
deviation of about 2%. These engines range in size from 
0.2 liters to 34.5 liters (and were from 7 different engine 
manufacturers). The efficiencies show no indication of a 
dependence on engine size. Beyond 5L there also 
appears to be little dependence of engine friction on 
engine size. Average engine efficiency determined from 
the on-road road diesel truck measurements is 48% with 
standard deviation of 2%. Engine efficiency for the AATA 
buses have a slightly lower average of 46%. Based on 
this, PERE uses 48% for all heavy-duty on-road diesel 
applications. Table 5 below lists the values for each of 
the individual trucks and a single number for all of the 
buses. Some of the linear fit statistics are included in the 
table. 

A summary of the diesel engine indicated efficiency 
results are listed in Table 6. The on-road diesel trucks 
are in agreement with the smaller passenger car results 
of Wu and Ross10, who looked at four light duty cars with 
engine sizes ranging from 1 to 2.5 liters. The R2 of the 
fits are typically at or better than 0.9 and the standard 
errors in the slope parameter of the linear fits are around 
20% of the fit value. The non-road diesel engine 
efficiencies are typically about 5% lower than the on-road 
vehicles and the buses are approximately 2% less 

efficient than the diesel tractor-trailers which may be due 
to how the vehicles were driven (including more 
transients and differing average speeds). 

 

 

 

Figure 3. Willans line for non-road dynamometer based 
measurements of fuel consumption in terms of fuel mean 
effective (fuel mep) and engine load in terms of brake 
mean effective pressure (bmep). The slope of this line is 
the reciprocal of the engine’s indicated efficiency. 

 

 

 

 

Figure 4. Willans line for CE-CERT truck 1 on-road 
based measurements of fuel consumption (fuel mep) 
and engine load (bmep) determined from engine 
maximum load curves and % load measurements. To 
eliminate idling and braking events, the data were limited 
to those where the vehicle acceleration was greater than 
zero.  



engine 
displacement 

(liters) 

k 
(bar) 

k 
standard 

error (bar) 
1/η 

1/η 
standard 

error 
R

2 η 

0.2 8.7 0.9 2.43 0.1 0.93 0.42 
0.92 5.2 0.4 2.37 0.09 0.83 0.41 
2.2 3.4 0.2 2.46 0.05 0.95 0.44 
3.9 2.5 0.2 2.25 0.04 0.99 0.46 
3.9 3.1 0.5 2.16 0.09 0.95 0.45 
4 3.3 0.3 2.22 0.04 0.99 0.41 
6 2.3 1.0 2.42 0.1 0.92 0.39 

7.4 2.0 0.4 2.55 0.05 0.98 0.45 
7.6 3.6 0.3 2.24 0.05 0.99 0.42 
8.3 2.4 0.5 2.36 0.06 0.98 0.44 
8.8 2.4 0.6 2.29 0.05 0.98 0.43 
10 2.3 0.2 2.33 0.02 0.99 0.41 

10.1 3.1 0.3 2.44 0.04 0.99 0.46 
10.2 2.2 0.4 2.18 0.03 0.998 0.42 
10.5 2.5 0.5 2.39 0.06 0.98 0.46 
12.7 1.8 0.2 2.17 0.02 0.99 0.44 
34.5 2.3 0.2 2.27 0.03 0.99 0.41 

Table 4. Values of non-road engine indicated efficiency 
using the Willans line approach along with R2 and 
standard errors from the linear fits. Data used for these 
were from dynamometer based measurements. 

 

engine 
displacement 

(liters) 
vehicle k (bar) 1/η 

standard 
error in 

1/η 
R2 η 

8.5 buses 0.926 2.17 0.01 0.95 0.461 
10.8 truck 2 1.81 2.14 0.01 0.92 0.468 
11.9 truck 9 1.39 2.21 0.02 0.85 0.452 
12.7 truck 6 1.90 1.97 0.03 0.63 0.507 
12.7 truck 7 -0.043 2.15 0.02 0.86 0.466 
12.7 truck 8 0.611 2.10 0.02 0.83 0.475 
12.7 truck 3 -1.10 2.13 0.02 0.83 0.469 
14 truck 4 3.91 2.05 0.01 0.95 0.488 

14.6 truck 1 4.27 2.10 0.01 0.95 0.476 
Table 5. Values of engine indicated efficiency using the 
Willans line approach with in-use data for the CE-CERT 
heavy trucks and the EPA AATA buses along with R2 
and standard errors from the linear fits. 

 

source average 
efficiency 

standard 
deviation 

(vehicle-to-
vehicle 

differences) 

engine 
displacement 

range 

fuel 
delivery 

# of 
vehicles 

or 
engines 

CE-
CERT 
trucks 

48% 2%* 10.8 to 14.6 Turbo- 
EUI 8 

AATA 
buses 46% - 8.5 TDI 15 

Non-
road 

engines 
43% 2%* 0.2 to 34.5 varied 17 

Wu and 
Ross** 

47% to 
49%  1.08 to 2.46 TDI 4 

Table 6. Diesel engine indicated efficiencies for buses, 
heavy-duty trucks and non-road engines. A comparison 
with the results determined by the earlier work of Wu and 
Ross10 is also given for comparison. 

 

Next, diesel engine friction dependence on engine speed 
was determined. Dynamometer based measurements of 
fuel rate and brake mean effective pressure are done at 
a single value of engine load and engine speed. On-

road/in-use based measurements don’t yield such ideal 
conditions. For the on-road measurements shifting, 
braking, coasting, and idling can yield incorrect engine 
load – engine speed points. So, to eliminate any of these 
so-called transient effects, only low acceleration 
operating modes were included in the Willans lines.  

The methodology used to find the frictional losses from 
in-use data was : 

1. a family of fuel mep – bmep graphs were 
constructed for different values of engine speed 
(determined by averaging over differing ranges of 
engine speed); (fuel mep, bmep) points were limited 
by using positive vehicle accelerations near zero to 
eliminate transient effects. 

2. curve fits were then applied to each of the different 
graphs, yielding a set of k’s and 1/η’s for a given 
engine speed (defined by the average engine speed 
of a range of engine speeds). 

3. from these sets of coefficients, the slopes or engine 
efficiencies, η’s, should be relatively constant, but, 
the fuel mep-intercepts, k’s, should yield an engine 
speed dependence which defines the engine friction. 

4. finally, fit the fuel mep intercepts (k’s) were fit to a 
line dependent on engine speed. 

 

Figure 5 and Table 7 illustrate this procedure and show 
the relatively constant values of engine efficiency as well 
as the engine speed dependence of engine friction. 
Except for the lowest engine speed range (mean engine 
speed = 1045 RPM) the fits had reasonable R2(>0.6). At 
this lowest engine speed range more than 90% of the 
points had bmep<4 bar, clustered into two distinct 
groups, and the points with bmep>4 were relatively 
scattered. 

Final engine friction results together with relative 
uncertainties (in parentheses) of this study are shown in 
Table 8 and in Figure 6. (Engine friction results for buses 
and for the non-road engines were not determinable 
because of insufficient data.) For comparison, results 
from Millington and Hartles25,26 and a more recent work 
(which used the same fuel mep and bmep methodology) 
by Wu and Ross10 (average the four of their light duty 
engines). In Figure 6 the uncertainty bars reflect the 
uncertainties in the engine friction parameters and the 
engine efficiency determined in this work. Except for 
higher values of engine speed this work is reasonable 
agreement with the Wu and Ross work. However, at all 
engine speeds the Millington and Hartles values range 
from 30% to 50% higher than the values determined 
here. At the higher engine speeds, where the differences 
increase, part of the differences may be due to the 
inability of this methodology the second order effects of 
mean piston speed as was done by Millington and 
Hartles. In general, though, these results may reflect 
improvements in engine friction which have occurred in 
the last thirty years. 

 



 

  

 

 

Figure 5. Series of plots of fuel mep vs. bmep for 
differing ranges of engine speed limited to accelerations 
between 0 and 0.07mph/s. Linear fits to each of these 
plots yield differing values for k for a given range or 
average engine speed.  

 

 

 

 

 

0 mph/s < acceleration < 0.07 mph/s 

k(N) 
(bar) 

k(N) 
standard 

error (bar) 

Mean N +/- 
Std. 

Deviation 
(RPM) 

R2 

3.54 0.13 1045 +/- 26 0.21 
2.53 0.19 1154 +/- 27 0.95 
2.94 0.27 1260 +/- 28 0.88 
2.05 0.20 1352 +/- 28 0.89 
3.58 0.19 1448 +/- 28 0.89 
1.69 0.27 1549 +/- 30 0.89 
0.54 0.32 1647 +/- 28 0.89 
3.08 0.33 1747 +/- 29 0.85 

linear fit results for 
k(N) = k1 N + k0 

2.55 0.46 1842 +/- 28 0.86 k0 (bar) 1.09 

3.7 1.1 1936 +/- 30 0.63 
k0 

standard 
error (bar) 

1.6 

4.94 1.7 2050 +/- 30 0.83 k1 
(bar/rpm) 0.00116 

5.27 1.4 2135 +/- 21 0.84 

k1 
standard 

error 
(bar/rpm) 

0.0009 

2.68 1.1 2228 +/- 14 0.84 R2 0.04 

Table 7. Example of the series of diesel truck engine fuel 
mep vs bmep curves at different engine speeds, N, 
required to determine the speed dependence of engine 
friction. The usable data are from (9 of 12) trucks on four 
drive cycles. [Note that the units of k(N) in this table are 
in bar and the units of engine speed are in rpm whereas 
in Table 8 the units are in kPa and rps, respectively.] 

 

 

 

source k0 
(kPa) 

k1 
(kPa/rps) 

k2 
(kPa / (m/s)) 

this 
work trucks 121 (+/-32) 6.66 (+/-1.37) - 

Wu and Ross 135 5.4 - 
Millington and 

Hartles 179 6.1 0.83 

Table 8. On-road CE-CERT heavy-duty truck AATA bus 
engine friction results and comparison with other work on 
heavy-duty engines. Uncertainties of the results are in 
parentheses. 

 

 

 

 

 

 



 

Figure 6. Engine friction results of this work compared 
with previous compression ignition studies from the 
comprehensive work of Millington and Hartles25,26 and 
from a more recent work by Wu and Ross10. 

 

TRANSMISSION PARAMETERS 

The on-road measurements of engine and vehicle speed 
are measured simultaneously, thus allowing for the 
empirical determination of ranges of speeds where 
shifting takes place and engine speed – vehicle speed 
ratios, N/v, for a given speed and a given gear. Because 
these speed-gear distributions will be different for the 
buses which are equipped with automatic transmissions 
and the heavy trucks which are equipped with manual 
transmissions, a relationship between transmission shift 
points and vehicle speeds are deduced for both vehicle 
transmission classes in this section. These are 
supplemented with vehicle downshifting (during 
accelerations) as described above. 

Figure 7 shows an example of the engine speed vs. 
vehicle speed distributions for one of the CE-CERT 
heavy-duty diesel tractor-trailers. The CE-CERT trucks 
have between 10 and 13 total forward gears. For the 
particular truck of Figure 7 there are 12 gears and each 
of the 12 gears has a distinct distribution of engine speed 
vs. vehicles speed which tails off toward lower speeds. 
So, the distributions resemble a reversed (in vehicle 
speed) log-normal distribution. Although the distributions 
for the lower gears seem to be smeared, if that portion of 
the graph is expanded, the lower gear engine speed-
vehicle speed distributions appear distinct. 

Shift points (the vehicle speed at which a shift takes 
place) and engine speed – vehicle speed ratios, N/v, 
were determined from these distributions. Since these 
distributions have a higher density of occurrences toward 
the higher speed values, the average speed from each of 
the distributions is used as the shift speed. This was 
done for the both the CE-CERT trucks and the AATA 
buses. To determine the ratio of engine speed to vehicle 
speed in a given gear the average engine speed was 
calculated for each gear’s engine speed – vehicle speed 
distribution. Figure 8 displays the average engine speed 
to vehicle speed ratio, N/v, for each of the gears in the 
buses (6 total) and the trucks (13 total). The lines are a 
polynomial fit to the two different vehicle speed-(engine 
speed/vehicle speed) ratios. The error bars represent the 
standard deviations in these averages. From these 
average vehicle speeds and the engine speed – vehicle 
speed ratios, the gear and engine speeds can be 
determined from time-resolved vehicle speeds.  

The last component of the transmission model is the 
downshifting. Vehicle power must be checked against 
the actual maximum manufacturer specified engine 
power for a given engine speed. A downshift occurs 
whenever the vehicle tractive power is greater than the 
maximum engine power at a given engine speed. 
Because PERE’s primary purpose is to model a class of 
vehicles, rather than individual engine/vehicle 
combinations, an average engine maximum 
torque/power curve is used. A scalable torque (or bmep) 
curve is determined from a number of different diesel 
engines ranging in size from 8 to 15 liters and is shown 
in Figure 9. The map is scaled according to the 
manufacturer specified maximum power or engine 
displacement. The level of turbo-charging will cause 
some variability in these scaling factors.  

 

 

Figure 7. CE-CERT truck 1 vehicle speed to engine 
speed ratios vs vehicle speed to determine average 
speeds for a given gear. 



 

 

 

Figure 8. Final engine speed - vehicle speed 
relationships for buses (red) and the heavy-duty trucks 
(blue). The error bars are standard deviations 
determined from the distributions depicted in vehicle 
speed - engine speed ratio graph. 

 

Figure 9. Scalable torque determined from comparison 
of 13 individual diesel engine maps from 4 different 
engine manufacturers. This scalable map is based on a 
380 hp, 12 liter diesel engine extrapolated to 500 rpm 
and 2350 rpm. 

 

Another less accurate method which can be employed is 
to check the vehicle tractive power against a single 
maximum engine power value based on average 
maximum engine torque values. From the USEPA’s 

CFEIS database an average maximum engine torque 
from over 638 diesel engines ranging in size from 1.8 to 
27 liters has been calculated. It can be used to find an 
average maximum bmep value and a standard 
deviation*, 

mNbmep
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⋅±=
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max

max

4401648

2 τπ
 

This method is not used for MOVES rates, but was used 
for an earlier version of model development. 

FUEL CONSUMPTION AND CO2 COMPARISONS 

Using the fuel rate equation along with the other 
elements of the PERE model described above, 
calculated values of fuel consumption are compared with 
the measured fuel rate for an independent vehicle trip. 
Both bus and truck calculated and measured emissions 
and fuel consumption numbers are compared in Figure 
10. Comparisons of calculated to measured CO2 values 
are in Figure 11. All calculated values are within 10% of 
the measurements. For all cases considered here the 
values are neither systematically high nor low. However, 
the heavy-duty trucks had relatively large discrepancies 
for driving cycles with average speeds less than 40mph. 
At the time of this writing, some driving cycles with 
average speeds less than 40 mph had calculated values 
of fuel consumption more than 20% lower than actual 
measured values. These discrepancies are currently 
being addressed and will be adjusted in the next version 
of PERE. 
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Figure 10. Preliminary results for measured and 
calculated fuel consumption using the parameters 
discussed above in PERE. 
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Figure 11. Preliminary results for measured and 
calculated CO2 using the parameters discussed above in 
PERE. 

 

CONCLUSIONS 

This work demonstrates methodologies for determining 
engine friction, engine efficiency, and heavy-duty diesel 
truck and diesel transit bus shift schedules from in-use 
vehicle measurements. Also, a compilation of bus and 
heavy-duty diesel truck road load coefficients from a 
literature search has been given. The heavy truck rolling 
resistance and aerodynamic coefficients from the 
literature search have been compared to coast down 
measurements. The engine efficiencies and friction for 
27 heavy-duty diesel vehicles and diesel transit buses 
were determined with uncertainties of about 20%. 
Further refinements of the engine speed dependence to 
reflect pumping losses at higher engine speeds may be 
needed. Road load parameters for heavy-duty vehicles 
have been determined for a non-U.S. fleet. So, 
improvements are needed for vehicle size, possibly first 
order in speed rolling resistance, and rotational inertia. 
These parameters have been used in PERE and are 
within 10% of measured values of fuel consumption and 
CO2 for differing vehicles on individual vehicle trips.  
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DEFINITIONS, ACRONYMS, ABBREVIATIONS 

Af: The vehicle’s cross sectional area 

a : The vehicle acceleration 

A : Tractive road load parameter (in the force equation it 
is zero order in speed) 

B : Tractive road load parameter (in the force equation it 
is first order in speed) 

bmep : Brake mean effective pressure 

C : Tractive road load parameter (in the force equation it 
is second order in speed) 

CR0, CR1, and CR2 : The 0th, 1rst and 2nd order in speed 
coefficients of tire rolling friction 

CD : The vehicle’s coefficient of aerodynamic drag 

FR : The fuel mass flow rate 

fuel mep : Fuel mean effective pressure 

g : The acceleration due to gravity 



ηt : The transmission efficiency 

ηi : engine indicated efficiency 

LHV : fuel lower heating value 

M : The vehicle mass 

N : engine speed 

Pacc : The power used by accessories   

Ptrac : The vehicle tractive power   

ρair : The density of air 

sinθ : The road grade 

τmax : Maximum engine torque 

v : The vehicle speed  

Vd : The vehicle engine displacement  
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