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The Energetic Performance of Vehicles

J.L. Radtke”

Neodymics, Madison, Wisconsin, USA

Abstract: Various methods of determining the energetic performance of vehicles were described and compared. Earlier
work emphasized maximum vehicle power and theoretical performance limits, and characterized the vehicle or payload in
terms of weight. Energetic efficiency was calculated here as the payload mass times distance moved divided by thermal
energy used. This efficiency was multiplied by average speed to yield an energetic performance parameter that was ex-
pressed in seconds, using Sl units. The differential form of this parameter was twice the useful payload kinetic energy di-
vided by thermal power expenditure. A transportation matrix was developed, describing how vehicles are most commonly
used in terms of speed, efficiency, GHG emissions, payload mass and energetic performance. Vehicles with the highest
level of energetic performance have efficient powerplants, high payload to gross mass ratios, or reduced friction with the

surrounding environment.
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INTRODUCTION

In evaluating transportation choices, efficiency is an im-
portant and well-characterized consideration. Average speed
is also important, since people are paid by the hour and “time
is money.” Others have considered this interplay between
vehicle speed and efficiency.

Gabrielli and von Karman [1] defined the specific resis-
tance of a vehicle, &, as maximum motor output power P,
divided by total vehicle weight W multiplied by maximum
speed V.

e=P/W, (1)

Specific resistance was determined for various vehicles
operating at a range of speeds. An empirical limit for the
minimum specific resistance as a function of maximum
speed was found for any isolated vehicle. This was described
by Eq. 2, where A is 0.000175 hours per mile. This relation-
ship is depicted by the diagonal line in Fig. (1), which has
become known as the Gabrielli-von Karman limit line of
vehicular performance.

(e)min = AVM (2)

Gabrielli and von Karman [1] used gross vehicle rather
than payload weight because, “exact information regarding
the useful load of vehicles was not available to the authors.”
Their analysis was reconsidered, with regard to payload
weight and fuel consumption, by Stamper [2]. This latter
treatment was more relevant to the economical application of
energy resources. Here, “useful transport work” was defined
as the product of payload weight and distance traveled.
“Transport efficiency” was defined as the ratio of useful
transport work to thermal energy expended.
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In a subsequent analysis by Teitler and Proodan [3], a
quantity was defined as the specific fuel expenditure &g,
where { is the energy per unit volume of fuel, n is the dis-
tance traveled per unit volume of fuel, and Wp is the weight
of the vehicle payload.

& =¢InW, 3)

The reciprocal of & was defined as the fuel transport
effectiveness, and related to vehicle cruising speed V¢ by Eq.
4. Following Stamper’s definition, the reciprocal of g was
referred to as, “the dimensionless ratio of useful work output
to energy input.” Cg was referred to as a “factor of propor-
tionality.” As shown in Fig. (2), Cr was applied as a limit to
what is technologically possible, rather than as a perform-
ance parameter to be applied generally to individual vehicles.
The dashed diagonal line was referred to as, “the next level
of fuel transport effectiveness to be used as a future stan-
dard.”

(& e =C Ve (4)

Other writers referencing Gabrielli and von Karman [1]
have also applied A or Cr as a factor describing an experien-
tial performance limit, while treating e ™ or & as a general
performance parameter. These include Greenwalt [4], Carson
[5], Minetti et al. [6], Young et al. [7].

There is another vehicle performance parameter that is
expressed in units of time or velocity. As described by Sut-
ton [8], specific impulse, Is, is a universally accepted pa-
rameter used to describe rocket motor performance. It is de-
fined as shown in Eq. 5, where F is the motor thrust force, m
dot is the propellant mass flow rate, and w dot is the propel-
lant weight flow under constant thrust conditions.

I, =F/(mg,)=F/w (5)

Force divided by propellant mass flow is also used to
describe rocket motor performance. This is known as the
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Fig. (1). Specific resistance of single vehicles available in 1950. Diagonal is G-K limit line of vehicular performance. Adapted from Gabrielli

and von Karman [1].

effective exhaust velocity, and has units of speed. Ascribing
mass to propellant gives a physical insight into this perform-
ance parameter; it is proportional to rocket motor exhaust
velocity (Sutton [8]).

Analysis

In combining speed and energy expenditure to yield an
energetic performance parameter, &r is more economically
informative than . The specific fuel expenditure &g takes
payload weight and motor efficiency into account under
cruising conditions, and is more representative of actual use
and indicative of resultant benefit. C * is convenient be-

cause an increase corresponds to a performance improve-
ment.

Defining useful transport work as the product of travel
distance and payload weight is misleading, since mechanical
work is conventionally defined by the vector dot product of
force and spatial displacement. For horizontal displacement
near the earth’s surface, payload weight is a force perpen-
dicular to the direction of motion, so that the work done in
this fashion is zero. The dot product of the payload weight
and distance traveled is vertical displacement multiplied by
the force exerted by the payload mass. This dot product di-
vided by thermal energy expenditure is a true measure of
lifting efficiency, and is always less than unity.
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Fig. (2). Dimensionless fuel transport effectiveness (™) plotted as a function of cruising speed for various vehicles available in 1980.
Extension of G-K limit is indicated by dashed line. Adapted from Teitler and Proodian [3].

Treating the payload as a mass (denoted Mp) rather than a
weight yields a performance parameter Q with units of time.
For cruising conditions, Qc¢ is defined by Eq. 6, where g, is
the acceleration due to gravity.

An analogous fuel transport effectiveness is defined by
Eq. 7, with Ey, representing the thermal energy expended to
travel a path length, denoted as I. The parameter & Q'l is also
referred to as the thermal transportation efficiency, and it has
been used by others to compare various modes of transport
(e.g., Hobson [9]).

Q =9, /Cc =VcMen /¢ (6)
g =Q IV, :[IMP/E[h]C (7

As shown in Eq. 8, the differential form of the travel dis-
tance to thermal energy ratio becomes the ratio of cruising
speed to thermal power expenditure (Py,). Eq. 9 thus pro-
vides a physical interpretation of Q¢ as the time during
which a total fuel energy release equals twice the payload
Kinetic energy (Ey).

ni¢=[11E,]. =[V/R.]. ®)
Qc :[MpVZ/Pth]C = 2[Ek/Rh]c (9)

Propellant weight is the quantity a rocket designer would
like to minimize while obtaining the same result. Since fuel
(energy) consumption is the quantity most other vehicle de-
signers endeavor to minimize, and Q¢ is an energy divided
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by an energy flow, Q¢ is analogous to ls. Ascribing mass
rather than weight to matter provides a physical insight into
both vehicle performance parameters.

Using mass rather than weight to describe energetic per-
formance yields a result which can be consistently applied in
any environment, as illustrated by considering an extraterres-
trial vehicle. Due to differences in gravitational acceleration
and atmospheric density, a vehicle should travel further on
Mars (for example) than on earth, using the same quantity of
energy. Defining performance with Ce ™ gives a result that
decreases because of the atmospheric density difference, and
does not change because of the difference in gravitational
acceleration. On the other hand, Qc increases due to both
influences, and is more indicative of the change in condi-
tions. Whether moving a payload mass through a gravita-
tional field or head wind, Q consistently reflects changes in
conditions. A pedagogically inferior treatment of this dis-
crepancy is to introduce the concept of “standard weight,”
which is a measure of mass expressed in units of weight.

Transportation modes are often compared in terms of fuel
economy, or distance traveled per unit volume of fuel, and
Qc can be defined as a related quantity. Q¢ can readily be
determined from vehicle speed, and automobile person-miles
per gallon of gasoline or freight carrier british thermal units
per ton-mile. Given that a gallon of gasoline contains about
133 megajoules of thermal energy (Hobson [9]), one can
readily determine Q¢ for a given number of persons in an
automobile from the cruising fuel economy rating. Cruise
conditions are similar to those encountered on a long dis-
tance highway trip, and it is tempting to use the automobile
“highway” miles per gallon rating to determine I/E,.

The EPA fuel economy ratings are intended to represent
how vehicles are actually used. The highway rating is meant
to model free flow traffic at highway speeds. This is meas-
ured with a dynamometer system over a simulated distance
of only ten miles, with no stops and a maximum speed of 60
miles per hour (27 m/s). Average speed during test is 48
miles per hour (21 m/s). City driving conditions are simu-
lated over a distance of 11 miles (18 km), with 23 stops and
a maximum speed of 56 miles per hour (25 m/s). Average
speed during city driving simulation is only 20 miles per
hour (8.9 m/s). Fuel consumption is measured over these
short simulated distances by collecting and analyzing ex-
haust gas [10].

By using the EPA fuel economy ratings [I/Ey]e, meas-
ured at an average speed, Vg, we can calculate an effective
energetic performance, Qg, for transporting given number of
persons through the EPA driving routine. This is shown in
Eq. 10 below. Since the mass of the human payload is typi-
cally much less than the mass of the car, it is assumed that
[IVEq]e does not change based on how many persons are in
the automobile.

Q= MPIVE / En = MPVE2 / Pn (10)

As described in the appendix, the physical meaning of Q
changes when average speed is substituted for steady state
cruising speed. The numerator in Eq. 9 becomes twice the
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effective useful payload kinetic energy, which is evaluated at
the average speed. This differs from the average payload
Kinetic energy, which is determined from the root mean
square (rms) velocity. Because rms velocity is always greater
than or equal to average speed, the payload Kinetic energy
evaluated at the average speed is the minimum possible av-
erage Kinetic energy for any velocity profile. It may be diffi-
cult to obtain rms velocities, and these higher values would
not represent an improvement in the utility of the trip. A ve-
hicle traveling at constant velocity on an elevated express
lane is assumed to be no more or less useful than a vehicle
traveling at the same average speed through a series of stops.
To use rms speed would inflate the value of Qg in the latter
case. The denominator in Eq. 9 is still the average thermal
power expenditure, which is measured directly. Using the
average speed to determine performance thus takes the effec-
tiveness of the velocity profile into account. The parameter
Qe is applicable to intermodal comparisons of transportation
energy use.

For some modes of mass transit, a passenger may spend a
considerable amount of time captive within the system, per-
haps while not even being present on the vehicle or while the
vehicle itself waits for other vehicles. This describes air
travel in particular. For this situation, Vg is determined by
dividing the distance between airports by the average time
between passengers entering the departure airport and leav-
ing the arrival airport.

Table 1 gives efficiency, greenhouse gas emissions, pay-
load mass, speed and energetic performance for various
modes of human transportation. Efficiency is determined by
estimating the number of payload kilogram-kilometers ob-
tained per Joule of thermal energy present in the fuel con-
sumed. Typical human mass is assumed to be 70 kilograms.
The human body is assumed to be 25% efficient in convert-
ing the caloric content of food into mechanical work (De-
Long [11]). Moped vehicles are assumed to be ridden with-
out pedaling. Since carbon dioxide emission is directly pro-
portional to energy consumption, this column was easily
added. It has been estimated that 10.7 kilograms of CO; is
emitted per gallon (3.78 liter) of gasoline burned (Google
[12]). Emissions associated with the use of electrical energy
were determined for electricity obtained in 2007 Denver,
with its assortment of generation facilities, load factors and
distribution patterns. In an analysis published by the City of
Denver [13] it was estimated that 0.796 kilograms of CO; is
emitted per kilowatt-hour of electricity delivered. Table 1
was sorted first by payload mass, then by energetic perform-
ance. This indicates a trend for personal vehicles traveling at
low speeds, where vehicles with highest payload to vehicle
mass ratios tend to perform better. At higher speeds, aerody-
namic effects predominate. Fig. (3) is a logarithmic represen-
tation of the data from Table 1.

The most complex efficiency determinations were those
of electric vehicles. Since electrical energy is a more orga-
nized form than thermal energy, it is important to determine
how much thermal energy was expended in creating the elec-
tricity used to charge the vehicle batteries. By measuring
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Table 1. Thermal Efficiency and Energetic Performance of Various Transportation Modes
Fuel Econ. Emissive Eff. Payload Mass lleq Speed Speed Q
Mode 1/ee Form
(Person-MPG) | (kg-km/gCO2e) (kg) (kg-m/Jdth) | (Mi/Hr) | (mls) (s)
Bicycle, Faired 1149.0 70 9.54 0.973% 75.0° 335 32.62 Qe
Bicycle, Racing 1231.6 70 10.23 1.043° 20.0° 8.9 9.32 Qe
Bicycle, Touring 1967.3 70 16.34 1.666" 12.0° 54 8.94 Qe
Motorcycle, Completely Faired 470.0°¢ 4.93 70 3.90 0.398 50.1°¢ 224 8.91 Qe
Bicycle, Touring 1215.2 12.76 70 10.09 1.029° 17.0° 7.6 7.82 Qe
Bicycle, Touring 818.3 70 6.80 0.693° 20.0° 8.9 6.20 Qe
Bicycle, Electric Cyclemotor 715.6 7.51 70 5.94 0.606 17.0 7.6 4.60 Qe
Bicycle, Electric Cyclemotor 357.9 4.33 70 2.97 0.303 25.0 11.2 3.39 Qe
Airplane, 1 Person N99VE 50.8¢ 0.53 70 0.42 0.043 169.5¢ 75.8 3.26 Qe
Elec Trike, Twike 90.9 1.10 70 0.76 0.077° 53.0 23.7° 1.82 Qc
Motorcycle 48.4 0.51 70 0.40° 0.041 55.0 246" 1.01 Qc
Moped, Unpedaled Gas 117.09 1.23 70 0.97 0.099 20.0 8.9 0.88 Qe*
Segway 12™ 181.9 2.20 70 151 0.154" 125 5.6 0.86 Qe
Auto, Prius Hybrid Hwy 45,0} 0.47 70 0.37 0.038 48.01 215 0.82 Qc
Electric Car, Tesla Hwy 36.6 0.44 70 0.30 0.031" 48.0" 215 0.66 Qc
Auto, Civic Nonhybrid Hwy 36.01 0.38 70 0.30 0.030 48.01 215 0.65 Qc
Human Walking 413.3 70 343 0.350" 4.0 18 0.63 Qe*
Auto, Prius Hybrid City 48.01 0.51 70 0.40 0.041 20.01 8.9 0.37 Qe
SUV, Escalade Hwy 18.0’ 0.19 70 0.15 0.015 48.01 215 0.33 Qc
Electric Car, Tesla City 39.0 0.47 70 0.32 0.033"* 20.0* 8.9 0.30 Qe
Auto, Civic Nonhybrid City 25.01 0.26 70 0.21 0.021 20.01 8.9 0.19 Qe
SUV, Escalade City 120’ 0.12 70 0.10 0.010 20.01 8.9 0.09 Qe
Airplane, 2 Person N99VE 101.6¢ 1.07 140 0.84 0.086 169.5¢ 75.8 6.52 Qe
Auto, Civic 2 Person 25.01 0.52 140 0.41 0.042 20.01 8.9 0.38 Qe
Auto, Prius 4 Person Hwy 45.01 1.89 280 149 0.152 48.01 215 3.27 Qc
Auto, Prius 4 Person City 48.0} 2.02 280 1.59 0.163 20.01 8.9 1.45 Qe
Bus, Avg Load Urban 295 0.31 609 0.25 0.025™ 17.0 7.6 0.19 Qe*
Spacecraft, Voyager 1 7.3E+06 7.2E+02° 6.1E+04 | 6.2E+03™*" | 3.8E+04 | 1.7E+04° | 1.0E+08| Qe
Train, Avg Load Amtrak 46.1 0.48 1.26E+03 0.38 0.039™ 45.0 20.1 0.78 Qe*
Train, Avg Load Commuter 48.4 0.51 1.57E+03 0.40 0.041" 35.0 15.6 0.64 Qe*
Bus, Full Urban 74.4 0.78 2.52E+03 0.62 0.063" 17.0 7.6 0.48 Qe*
Airliner, Avg Passenger 331 0.35 6.30E+03 0.27 0.028' 270.0 120.7 3.38 Qe*
Airliner, Avg Passenger 2006 63.8 0.67 6.85E+03%" 0.53 0.054 %" 93.0°% 41.6 2.24 Qe
Truck, Avg Intercity 778.2 8.17 1.32E+04 6.46 0.659" 65.0 29.1 19.14 Qe*
Train, High Speed Full Load 602.2 7.29 1.40E+04 5.00f 0.510 110.0 49.2° 25.09 Qc
Train, Full Load Intercity 140.5 1.70 1.75E+04 1.17 0.119' 45.0 20.1 2.39 Qe*
Airship, 1936 224.4 2.36 2.27E+04" 1.86 0.190" 66.0" 29.5 5.60 Qc
Truck, Best 2530.6 26.57 3.64E+04 21.00° 2.143 55.0 246" 52.68 Qc
Airliner 747-8, 467 Pass. 116.9 1.23 4.46E+04 0.97 0.099*¥* 650.0" 290.5 28.76 Qc
Airliner, 747-200-CCW Freight 361.3 3.79 1.33E+05 3.00f 0.306 580.0 259.2° 79.37 Qc
Airliner, 747-8, 10 Ib/ft3 Freight 305.8 3.21 1.33E+05 2.54 0.259*¥* 650.0" 290.5 75.24 Qc
Train, Avg Freight 2479.8 26.04 4.00E+06 20.59 2.100" 60.0 26.8 56.32 Qe*
Train, Dense Freight (Coal) 4416.4 46.37 8.30E+06 36.68 3.740" 60.0 26.8 100.29 | Qg*
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Table 1) contd.....
Fuel Econ. Emissive Eff. | Payload Mass lleq Speed | Speed Q
Mode 1/ee (kg- . Form
(Person-MPG) | (kg-km/gCOz2e) (kg) miJth) (Mi/Hr)| (m/s) (s)
Pipeline, 6 Inch Crude Oil 2964.0 31.12 2.00E+07° 24.61 2.510* 7.4 3.3 8.26 Qc*
Tanker, Valdez to Long Beach 20192.7 212.01 1.20E+08° 167.69 17.100% | 18.4° 8.2 140.63 Qc
Tanker, VLCC Class 15664.1 164.46 2.00E+08 130.00° 13.265 18.0 8.0" 106.70 Qc
Tanker, ULCC Class 38 558.5 404.84 3.20E+08 320.00f 32.653 20.0 8.9" 291.90 Qc
Oil, Prudhoe Bay to Long Beach 12517.1 131.42 4.16E+08° 103.95 10.600* | 15.4° 6.9 73.14 Qc
Pipeline, 40 Inch Crude Oil 9069.0 95.22 8.87E+08° 75.32 7.680° 7.4 3.3 25.27 Qc*
Pipeline, 48 Inch Trans Alaska 5833.4 61.25 1.30E+09° 48.44 4.940* 7.4*7 33 16.25 Qc
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charger energy input, the battery charge, storage, and dis-
charge efficiencies are accounted for. Electrical powerline
transmission efficiency was assumed to be 96%. Net effi-
ciency of the generating facility at the other end of the pow-
erline is typically 33% (EI-Wakil [14]). The range of the
prototype Neodymics Cyclemotor electric bicycle is 17.7
kilometers at 11.2 meters per second. Fully charging the four
DeWalt lithium iron phosphate battery packs (model
DC9360) required 360 Watt-hours of electrical energy fed
into the battery chargers. So, one may travel 17.7 kilometers
on an electric bicycle using 4.1 megajoules of thermal en-
ergy released at a typical electrical powerplant.

In a similar manner, efficiency of the Segway™ 12™

personal transporter was determined from the manufacturer’s
specifications (Segway [15]). This device uses the same bat-
tery chemistry as the Neodymics Cyclemotor, so battery ef-
ficiency was assumed to be the same. It is suspected that
much of the energy consumed by the 12™ is used to keep it
upright.

Fig. (3) also compares efficiency in the movement of
petroleum and people. Most petroleum is transported by ship
or pipeline. These means are about 1000 times more efficient
than a single occupant SUV.

DISCUSSION

This analysis shows that light personal vehicles perform
far better than heavy ones. Energy used to produce vehicles
and transportation infrastructure was not considered here,
and such an analysis would make light vehicles appear even
more attractive. For all payload weight classes, the payload

to vehicle mass ratio of the best performers is between three
and four. Since most people tend to travel individually when
possible, and energy resources are becoming increasingly
scarce with respect to demand, it would appear that personal
vehicles of the future will be very light by today’s standards.
A challenge in the development of urban transportation in-
frastructure will be to allow for safe use of these personal
vehicles amidst heavier cargo and mass transit vehicles.
There is a related challenge to improving efficiency ratings
for personal vehicles in developed countries. Here, people
tend to view a light vehicle as impractical because of it lacks
the crumple zone they have become accustomed to. A light
personal vehicle such as a bicycle is often seen as an exercise
toy to be carried on top of a car. Future changes in environ-
mental and economic considerations may induce a sea
change in this attitude.

Energetic performance was determined for widely differ-
ent modes of transportation. Streamlined human powered
vehicles excel in personal vehicle energetic performance
because of the relatively efficient human engine and the de-
signer's careful attention to aerodynamics. Commercial air-
liners also perform well because people are willing to crowd
themselves into an aerodynamically optimized fuselage for
fast, long distance travel. By terrestrial standards, a one-way
trip into the void of interstellar space can be extremely fast
and efficient. Using the chemical energy release of the
launch vehicle, and the present displacement from earth, Qg
for the Voyager 1 spacecraft is on the order of 10® seconds.
The gravitational assist in propelling VVoyager 1 is acknowl-
edged as free, since it was not paid for with chemical com-
bustion. Solar energy captured by various means and used
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Fig. (3). Transportation matrix indicating thermal energetic efficiency (eQ'l) and energetic performance (Q) for various modes at typical

loads and usage speeds. Since Q is the product of thermal efficiency and

speed, it is read by following the diagonal (constant Q) lines to the

point where thermal efficiency is unity. Effective values for mass transit take wait time into account and are strongly influenced by
utilization, delays and terminal pedestrian flow. Steady state cruising conditions are denoted by "C" data point icons. Average conditions

which include velocity changes in crowded environments are represented by "E"

evident when compared to mass transit.

for earthly transport without terrestrial combustion is, in a
similar sense, free.
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APPENDIX: INTEGRAL DEFINITION OF EFFEC-
TIVE ENERGETIC PERFORMANCE

The effective (or time averaged) speed Vg is defined by
the integral of the path length dlI divided by the elapsed time
T.
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T T
Ve=(] vdt)/T=(J (di/dtydt)/T (A1)
0 0
T
Ve=(] dl)/T (A2)
0
Substituting into Eq 7 and solving for Q, we obtain:
T T
QE=(MP(IT-I0)(IOdl)/T)/(IOdE) (A3)
Qe =Mp | Ve/Ey (A4

Dividing numerator and denominator by elapsed time, we
obtain the differential form:

T T
QE=(MP((IOdl)/T)Z)/((IOdE)/T) (A.5)
Qe=Mp VE2 [ <Py> (A.6)

But the exact time averaged payload kinetic energy is:
<E> = Mp Vims® 1 2 (A.7)
where Vs is the root mean square velocity:

T

2 _ 2

v = (IO Vdt) /T (A.8)

The root mean square velocity may also be defined statis-
tically for any time dependent speed profile by using the
standard deviation, o,

Vims’ =V + 0.7 (A.9)

By both definitions, we see that the minimum root mean
square velocity for any time dependent velocity profile is the
effective speed, and that these two quantities are equal when
velocity is constant over time.

J.L. Radtke

Vims® 2V (A.10)

It follows that the minimum average payload kinetic en-
ergy for transport at the same effective speed becomes:

<Enin = Mp V /2 (A.11)

Effective energetic performance becomes the following
ratio:

Qe = 2 <Ex>min ! <Pp>
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