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A BSTRACT

An. econcsic analysis is 3tade of vehicles pow==I by

compressed natural gas (CNG) , alcohol, ind elsc-6.ic vshicles

(EV Is) as Fcssible replacements far gasojins-pcwn_:eI veh-

dles. Advantages and disadvant6agzs of vehiclesspwr: by

the various fuels are dtscusssl and lae sm &na__c:,s If:ai::

sui ~i y are made based on vehicle p-arformance char~-t-r

istics and fuel availabili-ty. CNG and EV's ars dc~siined1

to be viable alternatives based on current state-of -th-a:
technology. Alcohol -s not retined as a viable all -:n ave

because cf I mite d fuel availability. '11odSIS are p:res.ne

for dets-rmining the total life cycle cost for gasoli-z., CNG,

and EV's. A fleet of seventy-two vsh.icles at th: Naval

Fost gra duat e School is uised as an example to ccm.a:eth

cost of each alternative. A linear! ?-rOgam I : u 3-" t~
determine the mix of gasoline, CNG, and electric v -icles

that satisfy mission requirements for the least to-:al fleet

-~ lfq cycle cost and to perform sensitivil-y analyss -r. tha

cost determinants. A generalized formula-_ion is a ls:)

*.presented to allow a vehicls fleet manager to us-e the v-:tbo-

dclogy of this thesis as an aid to evaluating the pctintial

of ltrntively-fuel.ed vehicles in differenz s-i-uati-o,)s.
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I. INTRODUCTION

The ccst of maintaining and operating a fleet of vehi-

cles is a significant itqm in any Public Wcrks Department

budget. Invariably there is an interest in alterna:ives to

the gasoline-powered internal combustion engine (ICE) as a

means of r-ducing these costs. Two factors dampen -his
interes- and usually terminate any fuTh-zhr iaquiry. The
first is a lack of consolidated information on the feasi-

bility of using alternative fuels and the second is the lack
of capital required for the initial investment. National

interest in alternative fuels stems from a de s_':e tc r-ducs

our dependence on petroleum-based fuels and rt.duce ths !-vel

of emissions from automobiles. This -hesis presents an

assr.ssment of the feasibility of employing ssvsral al---rna-

tiv? fuels in non-tactical, on-the-road passenger vehicles

used by Naval activities and presents decision mcdsls for

determining the total life cycle costs (LCC) and the optimal

mix of vebicles using alternative fuels. The vehicles a-
the Naval Postgraduate School (NPS) are used as a represn-

tative sample for comparing LCC of each alternative.
The cptimal mix of vehicles is determined by a linear

program. Linear programming is used to determine ths

optimal allocation of limited resources among competing
demands. The advantage of linear programming lies with

sensitivity analysis. The range of values of -the cost coef-
ficiants and constraint variables over which an optiwal

solution remains optimal can be determinaed. The uncertainty

of various cost elements can ba better evaluated with linear

programming.

10i"0'



-. PRODLEM STATEMENT

The increasing life-cycle cost of operatincg gascline-

powered ICE vehicles has stimulated an interest in

alternative fuels. Local activities lack a consolidated

source of informaticn with which to svaluate alternative

fuels against their mission needs, .e9ermine life cycle

costs, and determine the optimal mix of vehicles mplcying

alternative fuels.

B. OBJECTIVE

The research objective is to formulate a procedure for

performing an economic analysis of the ass of alternative

fuels in mctor vehicles. Undsrlying thiz objsc-ive are

three sub-objectives.

1. Present an overview of the current i-za-. -cf-the-art

cf alternative fuels and deivelop an effectiv-nqsz

model with which to evaluate ths feg.sLbi!-y of using

each alternative.

2. Develop a model for letermining total life cycle

ccsts.

7. 3. Develop a mathematical program for lete-mining the

optimal fleet configuration of 7ehiales using gaso-

line or alternative fuels. Op-imali:y i:; defined as

the least total cost for procuring, operating, and

aintaining a fleet of vehicles.

C. ALTERNATIVES

Alterna ives considered are natural gas, a-cohols, and

ri electric vehicles. These alternatives are currqnt-ly in use

and cost and performance data is readily available. natural

gas is primarily methane (CH4) but can contain up -o 20

percent higher hydrocarbons, such as ethane, propane, and

;'.1



.utane. Dual fusl systems are designed to operate cn ei-iver

compressed natural gas (CNG) or gasoline. Dual fusl sys:ems

cffer savings in operating and maintenance costs without the

range limitations :f natural gas systems. Subsequent

analysis cf natu-al gas will pertain to dual fuel systems,

commonly refered to as compressed natural gas or CNG.

Methancl and ethanol are the most common forms of alcohol

used in th. automo'cive industry, however, interest in

alcohcl steems pr: marily from reducing petrolsum consumption

rather -han cost savings. Electric vehicles range in size
from golf carts to buses and may be designed specifically

for electric propulsion or they may be conversicns of

currently p.cduc.d ICE vehicles. This analysis focusqs on

electric vehicles d=.signed for commercial use. Electric

hybrid vehicles which combine electric propulsion with ICE
engines are not included in this analysis.

Vehicles usi.ag alternativa fuels or propulsion systems

may have inferior performance characteristics or other limi-

tations when compared to gasoline-powered vehicles.

Vehicles with high usage rates, require.d to travel cn high-
ways, cr required to travel long distancas between refueling

" would not be viable candidates for replacement wi-h low

performance alternatives. Conversely, many ICE vehicles are
over-pcwered for the task assigned and could be replaced
' with lower performance a!ternatives (Ref. 1]. when consid-

ering these alternatives it is important to define the

missicn tc which each vehicle is assigned and the environ-

* men- in which it operates.

Gasoline-powered vehicles are -the baselina against which

41 . cther alternatives are compared. By definition, they are

high perfcrmance vehicles with range and power charac eris-

'- tics that enable them to fulfill all mission requirements of

an activity. A miseion is d-fined as the task a vshicle is

required tc perform. Although the only standards for

12



vehicle prccurement pertain to engine size an.1 gross vehicle

weight, userz have general a expectation of the performance

characteristics of gasoline-powered vehicles. Low perfcr-

mance vehicles are characterized by shorter ranges, slower

cruising speeds, and lighter load capacities and wculd not

satisfy all mission requirements.

To identify high and low perfozmance alternatives,

measures cf effectiveness are established that reflect the

areas where performance may be degraded. A high performance

v-hicl. is, at a minimum, capable of performance in each

measure at a level equal to or exceeding that of a

. gasoline-powered vehicle. An alternat.ve Is feasibl . for

low performance vehicles if it is technically viabl- as

detsrmined by successful use by domestic or foreign fleets.

Minimum values are assigned to high performance measures for

the purpose of identifying vehicles that are not suitable

for lcw perfcrmance alternatives. These values are derived

from the maximum performance capabilities of low performance

altern at ives.

D. ALTERIATIVE SELECTION CRITERION

In o:rer to evaluate alternatives it is necessary to
have a criterion for selecting the best alternative, with

high and lcw performance alternatives the least cost alter-

native may not be able to satisfy all mission requirements;

therefcre, it is feasible that more than one fuel type,
"  gasoline included, may be selected. The criterion is to

employ the alternative or alternativess which provide the

least total life cycle cost of procuring and operating a

fleet without ccmprcmising an activity's ability to accom-

plish its mission.

13
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E. H!ASUNES OF EFECTIVENESS

The measures of effectiveness for each ca-egory of ve'!il-

cles are described below. The ainimuam values fcr high

performance vehicles are derived in Chapter II.

1. Range - The distance in miles a vehicle can tra iel

between refueling or =echarging. Using !1a-ura1 gas

oreectricity necessitates rgecurni:ng to the base Eor

refueling or recharging thsreby restricting -:he

maximum distance a vehicle may travel away from its

base to one balf its range. Give-- ths ubiquity of

gasoline stati&ons, gasoline and dual fuel vehicles

are nct ccnstrained by range.

2.Usg rte -The number of miles *=aveI~d by a

vehicle in one year. Vehicles are assumed to be used

on work days only. For this analysis 240 wc:k Alays

per year was assumed.

43. minimum acceptable speal - The spsed that. an ; c.tivity

considers to be a minimum to safely perfc-rm its

mission. Vehicles with requirements to t~a~el or.

freeways would have higher minimaum acceptable speeds

than a. vehicle only requ-irad to travel on bas!--. some

electric vehicles are capable of achiLevi-na speeads

greater than 55 mph but at the expense of range.

Electric vehicle manufacture.s us-? cruisIng speed

rather than maximum sped whet citing range.
4. Loadl Capacity - The carrying capacity of the vehicle

including passengers. The carrying capacity: equals
the gross vehicle weight less -:he curb weigh-, of t he

vehicle.

5. Fuel Availability - The measure of whether a ready

source of fuel exists to operate thle fleet. The

supply should be sufficient to operate -:he entire

fleet each work day.6j

14



F. &SSUBETIONS

The fcllcwing assumptions are integral to ths analysis.

Although some represent zignificant departures from actual

practices they are nec-.ssary to formulate the cost models

and the linear program. Lesser assumptions are noted where

applicable.

1. The number of vehicles required to perform a mission

remains fixed regardless of the fuel type. Employing

any alternat-ve wculd not increase cr decrease the

size of the fleet.

2. The annual mileage traveled by each vehicle is neces-

sary for the accomplishment of its mission and can

expected to Ie a- or near the same level in future

years.
3. The vehicle pcpulaion in each ca-egory (high and lcw

- . p--rfcrmance) is homoge.nous with respe.ct to purchase

price, operating and maintenance costs, usage rate,

and miles per gallon.

4. All vehicles are opera-ional on each work day.

5. Gasoline-powered 'rehicles are replaced by vehicles

with the same load capacity. The load capacity is

fully utilized and the vehicla can nt be replaced

with a lower rat .d vehicle. With today's trend

towa-d smaller trucks, it is conceivabl that lower

rated vehicles will replace a larger share of the

fleet in the futur than they could today.

6. Any non-integer solution to the linear program :s a

close approximation to the integsr solution. The

number of vehicles in the final solution is rounded

to the nearest whole vehicle.

7. All vehicles are procured in year one and disposed of

at the end of the life cycle. Phased replacement of

vehicles would result is higher total costs as the

fleet progresses toward optimality.

15



G. RESEARCH KNTHODS

A literature review was conducted to determine the

current state of the art of each alternative. Vehicle char-

acteristics and perfcrmance data were analyzed to determin .

limitations that wculd prohibit or restrict their use.

Limitaticns noted were range, usage rate, speed, load

ctpacity, and fuel availability. Measures of effectiveness

were established that reflected rductions in performance

imposed by iach alternative and distinguished high from low

performance alternatives. Each alternative was evaluated

against the effectiveness model and either _=rtained as a

high cr low performance alternative or rejected entirely.

The analysis was conducted using vehicles at the Naval

Postgraduate School as a sample population. The population

was limited to all on-the-road passenger vehicles and trucks

with a gross vehicle rating of one ton or less. This aivi-

s:.on encompassed vehicles tha-t were potential candidates for
a.tearna-t.ive fuel and facilitated analysis by cost account

codes. Seventy-two vehicles fell within these parameters.

-' The literature review was supplemented by telephone
interviews with fleet managers and manufacturing. rapresenta-

tives to obtain current cost data. All costs are stated in

1982 dcllars. Cost models to determine total life cycle

costs per unit and total fleet life cycle costs were devel-

cped for each alternative. Procurement, operating,

maintenance, and salvage values were based on the weighted

average ccst for vehicles in the fleet.

A linear program was formulated to d termine the optimal
mix of vmhicles using alternative fuels. The approach was

similar to one applied to capital budge-ing. Each decision
variable represented an alternative which could be consid-

ered as an investment project. Constraints indicated the

capital consumed by each altarnative in each year cf the

1.
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lifea cycle. Budget constraiAnts are determined by the

activity. Additional constraints insured that the final

solution was feasible.

H. SURNIRY

This thesis evaluates the potential of using ccmpressei

natural gas, alcohol, and electric vehicles as =aplacemerts

for gasoli-ne-po were d vehi-c les. Measures of =effectiv,;nessr

are established that reflect the inherent liffsr-mncess~

performance for each alternative. Thes-3 measures ars rings,

usage 'rate, speed, load capaci4ty, and fu.~l availability.

Minimum values are assigned to these measures based on

perf ormance limit-aticns discussed in Chapter II, and are

used to distinguish between high and lcw performancte

alt ernat ives.

Chapter II evaluates the advantages and disadvantages of

each alternative and categorizes them as high perfcr-mance,

low performance, or infeasible replacements for gasoline-

powered vehicles. Chapter III identifiss the costs

associated with each alternati-ve and displays the detarmi-

nants In total cost models. Chapter IV pr-esents a linsar

programming model for determining the optimal mix of vehi-

cles and for performing sensitivit y analysis. The d at i
obtained for tIPS is used for comparing alterna::ves.

17



II. A!LT._._L!J.S

This chapter examines the advantages and disadvantages

of ccmpressed natural gas, alcohol, Ind electric vehicles.

Generally, advantages are savings in operations and mainte-

nance. Disadvantages are a rsduction in one or mcre

measures of vehicle performance. .ach alternative is avalu-

ated against the effectivenriss AodeL and is considered

feasitle if i m meets the ainimu,, lavel of 3ff ectiveness

defined for each category.

A. I1INUR LEVELS OP EFFECTIVENESS

The gasoline powered ICE vehicle provides a baseline for

comparing the operating performance of other altz-nmiv-

fuels. The Federal Standards f4ir Automobiles and Light

Trucks. ccntain -:he minimum gross veicle weight, engine

size, and other characterist-ca of vehicles generally

procured by the Federal governmen. The ir purpose is to

achieve a practical degree of stanlardzation in the Federal

automctile fleet. These standards do not preclude th use

of alternative fuels that do not meet the Minimum

requirement.

The average ranga of an electric vehicle at 30 miles per
hour is 45 miles which clearly eliminates elec-tric vehicles

as a high performance alternative (Table V). The range of

a vehicle with dual fuel capabilities is equal to its range

cn gasoline plus its range on compressed natural gas. A

vehicle with two CNG fuel cylinders and averaging fourteen

miles per gallon has a range of approximately 70 miles. The

range with alcohol is approximately equal to the range with

gasoline. A vehicle that travels 45 miles a day or less is

categcrized as a low performance vehicle.

18



Usage rates vary by mission assigamant, however, the

standard for passenger vehicles and light trucks ranges from

6,000-10,000 annual miles. Annual mileage on a particular

vehicle may not meet the minimum standard, hcwever, the

average uileage cn all vehicles of that type should meet or

exceed the annual utilization standard (Ref. 2]. With the

exception of motor pool vehicles which use trip tickets, a

record of daily miles is not maintained. Annual mileage or

usage rate is the only indicator of daily usage. Usage rats,

limitations stem from daily range limi ations. A iaily

range limi-ation of 45 miles with electric vehicles necessi-

tates a annual usage rate limitation of 10,800 miles

assuming cne dr-.ving cycle per work day. A vehicle with an

annual usage ra-e of 10,800 or less is categorized as low

performance.

- It is Important tc distinguish between maximum speed and

minimum acceptable speed. Maximum speed is a function of

engine size and vehicle friction coefficients, however,
vehicles are not designed to operate continually at -his

speed. Minimum acceptable spqed is defined as that which an

operator deems appropriate to safely accomplish the mission

and can be maintained for the duration of the osriod between
refueling or recharging. This may also be -ermed cruising

speed. Elactric vehicles are capable of speeds of 60 miles

per hcur but they cannot maintain this speed for any appre-

ciable length of time. An arbitrary, but reasonable,

comprmise between speed and range is 30 miles per hour.

This would allow an electric vehicle to operate on 1-aval

activities or in most localit'ies without _apqding traffic

and still have a useful range. A high performance vehicle,

unquestionably, should be capable of highway speeds; there-

fore, 55 miles per hour suitably differantiates between high

and lcw performance vehicles.

19
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M. T

A minimum load capacity of 1000 pounds is prescrib;d in

the Pederal Standards for Automobiles and Light Trucks.

Commercial electric vehicles can be designed for heavy loads

but at the expense of range and speed capabilities. Typical

load capacities range from 370 pounds to 1770 pcunds

[Ref. 3]. This limited load capacity alone does not

preclude replacing scme high performance vehicles with elec-

tric vehicles.
Any viable alternative should have a plentiful and rmli-

sufficient quantities across the nation. Natural gas and

electricity are also available although -heir supplies are

not as evenly distributed as that of gasoline and prices

across the United States are more variable. Methanol and
ethancl are not yet available in sufficient quantiti&s to

support "ho.ir widespread use as motor fuels (Ref. 4].

The performance characteristics, advan-tages, and disad-

vantages cf each alternative are described below. Their

evaluation against the effectiveness model is display=d in

lable I.

B. CORPRESSED BITURIL GAS

1. Characteristics

I.atural gas is composed primarily of methane but can

contain up to 20 percent higher hydrocarbons such as ethane,

propane, and butane. The composition of natural gas varies

from scurce to source and its physical properties vary

accordingly. Natural gas has lower heating values ranging

between 18,800 to 21,300 Btu per pound compared to 18,200 to
19,200 Btu per pound for gasoline. Heating values measurs

-the energy content per unit of volume. A small amount of

refining is necessary before the gas is distributed. An

odorant is added for leak detection since methane is odor-

less in its pure form.
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TABLE I

Effectiveness Miodel

Low Performance High Performance

-4 -4

0 0 .,, 4 0 -(a

o 0 0 0 o >

U C) '

40 M a) V 0) 0p W
4.) C M~ 0) to a) ' tP 0

'4 01 04 0 z (U 04 0 z
U U) 64 a4 z U) 4 rQ

Alternative

Gasoline y y y y y y y y y y

Dual Fuel y y y y y y y y f' y
Systems (CNG)

Electric Y Y Y Y Y N N N Y Y
Vehicles

.. Alcohol Y Y Y Y N Y 7 Y Y N

Source: Text.
Y: Satisfies the criterion established for

category of vehicle.
N: Does not satisfy established criterion.

At: atmospheric pressure and ambient -emperature

natural gas exists in a gaseous state. Natural gas can be
stored cr transported in a liquid state at atmospheric prc-s-
sure 3nl at temperatures lower than -259 degrees

Pahrerheit.
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The energy- content of natural gas is measured in

British thermal urits (Btu) which s t-he amount cf heat

required tc raise one pcund cf water one degree Fahrenheit.
Volume is measured in cubic feet. To compare characteris-

tics cf natural gas to gasoline, Bta's are converted to

gallon equivalents, hereafter refered to simply as gallons.
100 Etu equals or.e therm and one therm is approximately

equal to one gallon. of gasoline. At atmospheric pressure,

1020 Bt.u of natural gas occupies 1000 cubic fp.e.. The

industry rul f thumb is 100 cubic feet of gas is equiva-

lent tc cne gallcn of gasoline. Properties of natural gas
and gasoline are compared in Table II.

Fcr vehicle use, natural gas is compressed and

carried in cne or mcre cylinders. Mcst ICE vehicles can bs
modified tc run solely on natural gas or propane.

Alternatively a dual-fuel or tr-fuel syst:Rm may be used

that ope.rates on natural gas or propane unt-il the carrying

capacity is exhaus-:ed at which time th. operator may switch

to gasoline. Subsequent analysis o-f compressed natural gas

(CNG) will e=tain tc dual fuel systems.
.*' 2. Components

Conversion kits for converting to CNG consist of a

gas/air mixer which replaces the air filter, pressure regu-

lator, fuel guage ard selector switch, piping, and cne or
more gas cylinders. N o internal engine modifica-ions are
involved with dual fuel conversions. Spark timing is
usually readjusted slightly to obtain minimum exhaust emis-

sions during both natural gas and gasoline operation.

Cylinders are available in various sizes frcm 200 to

372 standard cubic feet and gas is stored in them at a
normal pressure of 2400 psi. The cylinders are permanently
mounted in -the trunk of a car or the back of a van or they

m may te bracketed to the underbody of vehicles with

22



TABLE II
Properties of Natural Gas and GasolIne

CNG Gasoline

Ccupositicn Primarily methane Eixturg of C4
(CHII) but can contain to C14 hydro-
up to 20% C2H8 hydro- carbons
cirb ons

Physi-*ca]. liasi
state during ga
stcrage

Lower beating
a

value

Etu/lb 21,300 18,920

!tu/gal 19,760 1,4 0rae

Octane Ratings:12
Research 1091- 100
M~otor 120 82- 92

Source: Reference 13.

The number of Btu's obtained by the ccmpletek
cumbusti-on of one unit of mass or 0ou.

sufficient ground clearance. Cylinders ire about 10 inches

in diameter and range from 44S to 62 inches i.- langth. Each

CNG cylinder adds 125 lbs to the weighc of -she vehicle

Fuel/air mixers are lesigned to f..6 specif10c-si zed

carburetors. The mixer is diaphragm controllad and cperates

c-n the Venturi principle, meteri-ng ths propsr quantity o-!

natural gas Into the air stream over -he full range of

engine air flow demands.
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The CNG refueling station consists of a mui- :_--tage

compressc: that receives the natural gas via a 1-2 inch line

from the local gas main and compressess it a-: 350J psi into

a storage cascade of 20 cylinders which then nEccme:- the

- holding tank from which the fleet is refue lI.d. Each

* cylinder has a 450 cubic feet capacity for a otal of 9000

cubic fee+-. A pressurized refueling nozzle coiunects c a

fill valve located under the hood. Refueling ic ither
quick fill which, for a vehicle with two cy-:a.ri, -ekes

about the same amount of time it takes to a aso-

line pump, cr time fill which permits 25 or mor . vc--icl-s to

te refueled overnight. The compressor used in this analysis

is capable of supplying 45 gallons of CNG per hour or 270

gallons in a six hour day. A pressure regul ting swi-.ch
s-arts the compressor when the psssuze drops -appoxi-

mately 3450 pounds per square inch.

3. Advan.qs

The primary advantage with CNG lies with its pl-n-

tiful and inexpensive supply (Ref. 6], however futur- gas
price savings are uncertain. The nation has enjoyed xcdest

Prices cf natural gas due to government z:c' c ntr is.

However, the Natual Gas Policy Act of 1973 calls fc- a

- gradual phase out of prize controls on gas p:odiuced from new

wells by 1984. Deregulaticn has encouraqzd producers to

drill new and expensive wells rather -han sell cheaper gas
from existing fields and these costs ar=_ pass- on to -h

consumer [Ref. 7]. Suppliers have agreed -o long term

ccntracts obligating them to pay higher prices even in t mes

:s of low gas demand (Ref. 8].

Currently the price of gas per thousand cubic feet

at the well head varies from a low of aoout 27 cents for cld
gas to as much as $11 for deep gas which has already beer.
removed fcr pricq con-rols (Ref. 9]. The U.S. Departmen- of

2(4
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Energy fcrecasts that gas prices in 1983 will iz a n

average of 20 percent across the U.S. and in some areas as

high as 40 percent [Bef. 10].
World oil suppiies are ample and the price cf crude

cil is more likely to fall than rise, at least over the

short tirm. In an effort to raise cash, several members of

OPEC have been overpzcducing and selling at discounts below

' the $34 per barrel cfficial price (Ref. 11]. A survey of

gasoline prices et 19,000 service stations naticn wide

conduct.d in December 1982 indicate the average price per

gallon of regular gasoline was $1.127, and regular unleaded

was $1.199 [Ref. 12].

Because CNG is a clean burning fuel and enters the

cylinders in a gasecus state, substantial savings may be

realized in maintenance. Motor oil, filters, sDark plugs,

- exhaust system, and engine parts all are rmpcrte4d to las-

longer. Unburned liguid fuel does not dilute motcr oil or

foul spark plugs. Replacemen ; intervals are doubled for

*oil, filters, and spark plugs. 1  One distributor claims a 50
*. percent to 60 percert reduction in maintenanc . costs.

Savings are reduced when the vehicle is operated on gascline

or if a used vehicle is converted to CNG. 2

CNG fueled vehicles have demonstrate.d up to a 10

percent improvement over gasoline in energy efficiency

during trips of less than 5 miles and low ambient tesmpera-

ture s -n the neighborhood of 20 degrqes Fahrenheit

[R (ef. 13). The primary reason is that CNG vehicles operate

. more efficiently duming the cold start and warmup portions

of the driving cycle.

llntervi:Bw with Mr. Larry Frew, Public Works De a-tmsnt,
Naval Education and raining Center, Great Lakes, Illinois,
9 December 1982.

2 nteryi w witb Iz. James McCord, CoTpIessed Natural Gas
e(CNG) 1ehil Equipment Company, Ft. Co -ins, Colorado, 13". ODece mler 1982.
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Several characteristics of natural gas make "-an

inherently safer fuel than gasoline. I is lighter than air

and will dissipate into the atmosphere if a leak should

cccur as opposed to liquid fuels which puddle on the ground

presenting a potential fire hazard. Its ignition tempera-

ture is 300-400 degrees Fahrenheit higher than gasoline and

combustion will occur only in a very limited ratio of air to

fuel. CNG is ncn-tcxic, non-reactive, and does not form

smog [Ref. 14].

4. Cisadvantaes

The restricted operating range is the primary objec-

tion to CNG. Actual range is dependent on the size cf the

C1G cylinders and the miles per gallon achieved by the

vehicle. A vehicle equiped with two 300 cubic foot cylin-

ders and achieving thirteen miles per gallon would have a

range of 78 miles between refueling.
The additonal weight of two cy!-nders and associated

equipment reduces the performance of the vehic!le. In a 1979

test conducted by the General Services Administraticn accel-

Sraticn from 0-60 MPH was reduced by 25 percent tc 40

percent and fuel economy was 5 perc:.at to 10 percent lass

(Ref. 15].

Vehicles with dual fuel capabilities cannot be tuned

. to achieve maximum efficiency without sacrificing gascline

performance. The compression ratio needed to obtain the

lowest fuel comsumption using natural gas is higher han

that which could be tolerated by gasoline. Spark timing

should be advanced to compensate for the slow flame speed

but causes knocking when the vehicle is run on gasoline.

Further disadvantages of CNG include conflict with
car warranties, possible valve seat wear in -ngines without

hardened seats and highway tunnel and bridge prohibiticns.

I2
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5. ummer--

While vehicle performance and efficiency may be

reduced, it should not prohibit a vehicle from p=rfcrminc

its mission. With dual fuel capabilites range is ro' -.

limiting factor. Savings in operations and maintenance may

outweigh the inconvenience of CNG although the uncertainty

Cf future natural gas and gasoline prices should be conida-

ered when comparing alternatives. CNG vehicles e- s-n

minimum level of effectiveness and CNG is considered a fL-

ible alternative for both categories of vehicles.

C. ALCOHCLS

1. Characteristi-cs

Research and development of alcohol as an autcmc-i:ve

fuel have been limited to methanol and ethanol. Imp-mus for
their use has been oil shortages and farm surpluses.

Alcohol may be used as a blending stock with ga--o-

line cr in its pure or neat form. Blands arm commo-ily -I

concent.aticns of 10 percent due to ex.mptior from Fed=--al

excise tax on gasoline ccntaining more than 10 oerces'.

alcohol, with the maximum benefi: a-: 10 percent. Th:

.nvircnmental Protection Agency exempts alcohol blends cf I)

percent from the minimum standards of the Clean Air Ac:

[Ref. 16]. Alcohol is also exempt from all o- part of stiatq

qasoline taxes in ten states: Arkansas, Colorado, iowa,

Kansas, Maryland, Missouri, Nebraska, North Dakota, Soutb

Dakota, and Wyoming.

At concentrations greater than 10 percent, engin _

modifications tc the carburetion system and compression

ratics are required to obtain proper fuel/air mixture and

uniform cylinder to cylinder distribution. Modifications,

once made, would prohibit operating on gasoline.
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Methanol ani ethano! have similar properties and are

contras-ed with gasoline in Taola III. The differenc.s in

boiling pcint, flash point, heating value, heat of vaporiza-

tion, ccmbustion air/fuel ratio, and water solub'li-y are

responsible for most cf the problems encountered when mixina

TABLE III

" Properties of Ethanol, Rethanol, and Gasoline

Ethanl .1et hnol Gasoline

Chemical formula CH CH OH CH OH Mixture Cf
3 2 3 C -C

4 12

Ccmpcsiticn, wt percent
Carbon 52.2 37.5 85-88Hydrogen 13.1 12.6 12-15
Oxygen 34.7 49.9 0

Boiling temp C 78.5 65 27-225
Flash goint C 13 11 -43
Lower beating value

Btu/lb 11 565 8,582 18,920
LaBtugal 7,;80 5,660 11,560. Latent himat of
Vapcrization Btu/lb 396 507 50

Stcichicmet-ic A/F 9.0 6.4 14.2-14.8Water Solubility Infinite Infinite Insoluble

Scurce: References 16, 19.

Air/fuel ratio fcr complete combustion.

or replacing gasoline with alcohol. Most cf the prcpe--:is

cf ezbancl a-e intermediate to those of methanol and gaso-

line. These differences, as well as vehicle tests and

-. " •evaluaticns indicate that potential problems wi.h the use o

K ethancl wculd be less severe than :hose encountered with
methanol (Ref. 17].
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2. Advanaqes

Savings from using alcohol as a blending stock may

be r-ealized but would be minimal unless petrolRum shor-agas

induce large gasoline price increases. Alcohol delivery,

storage, and dispensing systems would not be substantially

different than gasoline systems beyond the possible need for

a vapcr recovery system and corrosion resistant s:crage

tanks and lines [Ref. 18].

3. CisadvantaHe,

Problems associated with alcohol are grouped by

dis-.ribution and handling, vehicle performance, and compat-

ability with matc-rials. Problems are further identified by

their probability cf occurance in absence of corrective

measures and the relative seriousness i f the prcblem

cccured. A summary of potential problems with methanol and

e-hancl are contained in Table IV. Problems associated with

methanol are similar or mor severe than with ethano!

r[ef. 19].

a. Distribution and handling

Phase Separation: Phase separation in -h. pres-

ence cf water or at low temperatures is the most disturbing

problem with alcohol blends. In phase separation the

ethancl beccmes separated from the gasoline with which it
.0 .was blended. Water is commonly present in gasoline storage

tanks and Acre can be absorbed from the air. The rate of

water abscrbtion of ethanol blends is markedly influenced by

the alcchcl content and by surface to volume ratic. Thz

additicn of as little as 0.2 percent water to blends

containing 10 percent ethanol has been reported tc cause

phase separation. In additon to unpredictable stalling,

phase separation would also apset the operation of the
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TABLE IV

Potential Problems with the Use of alcohol

a
Problems Probability Consequence

of
Occur ance

Distribution and
Handling

Phase Separation Definitei
Possible 2

~oaa.taity b
Rena4:uring Definite

Vebicle Performance

Cold S.-ar-abil ity Neat Defini-e 1
Warm-u pDriveabila.y Defini-e 1
Va cr Lock Probablea 3
Voiumetric Fuel Economy Definite 2

CoupatabL ity with
m~aterials

Metal Corrosion Definits 1
Von-Metal Compatability DefiJnit a 1
Lubricant Compatability Possible 2
Engine Wear Possible 2
Paint Damage. Probable 3
Filter Plugging probable 3

Scurce: References 16, 19.
a
1 = Majcr prcblam, 2 = loderate problem, 3 =mincr

Ethanci only.

distributior system, the aqueous phase would be diff icult to

dispose cf, and corrcsi4on would be aggrevated.

Hygroscopicity: Hygroscopi-city is a measura or

the tendency of fuel to absorb moistcure, from air, whi-ch if

severe, can cause phase separation.
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Storage Stability: Studies indicate a -=ndncy

for alcohol/gasoline blends to form more gums during storage

than the base gasolines from which they were made, although

I~ -- .one study has reported that ethanol inhibits the formation

cf gums in some kinds of cracked gasoline. Gascline is

susceptible to attack by certain microorganisms in the pres-

ence cf water bottoms. Ethanol is toxic to the.se organisms

and wculd remedy this condition.

Renaturing: The widespread use of ethancl/
gasoline blends could lead to illicit ethanol reccvery.

Ethancl can be separated from a gasoline blend with the

addition of water and the separated ethanol can be further
purified with charcoal treatment. Thi3 problem can probably

be solved with the addition of denaturants which give the

recovered alcohol an objectionable taste.

b. Vehicle Performance

Cold Startability: The vapor pressure of

ethanol is so low at ambient temperatures that it cannot

vaporize sufficiently to provide a flammable mixture and

enable a cold engine to start belw about 15 legrees

Celsius. Cold starting problems witi neat ethanol can

probably be alleviated by the additon of light hydrocar-

bons. Ethanol/gasoline blends have adverse effects cn ccld

starting belcw 0 degrees Celsius.

Drivability: Addition of eathanol to gasoline

i:;creas-s the oxygen content of the fuel necssi-ating an

adjustment of the carburetor to achieve a richer air/fuel

mixture. Problems with drivability increase with increased

leaning and alcohol content. The problems Include stalling

during warmups, surges, and vapor lock at higher
temperatures.
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Vapor Lock: Vapor lock results when the fuel

pump can:nc meet the fuel demand of the engine because the

fuel is vaporizing in the fuel line. This occurs on hot

days w--h high volatility fuels and heavy engine demand.

Methanol and ethanol increase the volatility increasing the

probabiltiy of vapor lock.

Fuql Economy: Blending ethanol with gascline
reduces the fuel energy content, and if carburezicn is not

adjusted, lns the air/fuel mixture. Recent -tests ,using 10

psrcert alc,:hol blends have shown an average loss in fuel

econcy cf 3 percent.

c. Compatability with Materials

-- tal Corrosion: Ethanol can cause mo-ora+ to

sv-r_ cc:.osion to distribution and automotive fue

sys-ms. metals susceptible to ethanol corrosion are zinc,

galvanized iron, iron, brass, copper, and lead. Ccrrcsion

with alcchols is aggravated by -he presence of water and th-e
problem is compounded when phase separation occurs.

on-metal Compatibility: Ethanol, because it
i a good solvent, may be incompatable with pcly ss:er
-onded-fiberglass laminates which are used in undergrcund

storage tanks, and with polyure-hane, cork, and leather.

Lubricant Compatability: Crankcase c. ulsicns

have cccurred with straight methanol durinq bench ingine

tests. Emulsion problems with ethanol have nct been
reported. Research is continuing in lubricant compatability

with gasoline blends.

Engine Wear: Very few incidents of sngine wear
have been reported with straight ethanol. E-hancl blsnds

have been shcwn to cause increased cylinder wear in a fleet

of vehicles used intermittently. F'ael pumps have been

reported tc lose pressure from internal wear when used with

4 methanol although no pro blems have been reported with

c -thancl.
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Paint Damage: Ethanol can cause damage when

spilled an paint finishes.

Dirt Loosening and Filter Plugging: The ability

of alcohol to dissolve gun aad loosen dirt can lead to

plugged filters and screens when alcohol is initially

introduced.

4. Summjrv

Research and development is likely to solve the

technical problems associated with alcohols. Bscause of the

limited availablity and high cost of ethanol, along with

Federal and stats subsidies for blends containing 10 percent

volume of alcohol, the primary use of ethanol in the U.S.

wilpoabyb n lnsto supplement rather that substi-

t~ute for gasoline (Ref. 20]. The limited availability and

incompatabiliy withli storage tanks and vehicle compcnznts

elimtinated alcohcl as a feasible alternative to= thi-s study.

r. ELECTRIC VEHICLES

1. Characteri6sti-cs

The large3st single user of siactz:ic vsehJiclres (!V's)

in the United States is the U. S. Postal Service (Ref. 21].

They operate 352 DJ-5E Electrucks manufactured by American

motors Cc=poraticn and provide the best source of user oper-

ating and maintenance data. Utility companies are the
second larg-est- users of EV's [Ref. 22). Ev's have beer.

used in Great Britiar for more than 20 years, primarily as

delivery trucks.

Post EV manufacturers in --he United States are small

businesses. .1anufacturars of EV's and EV components world

6 ~ id - are listed annually in -he February issue of Electric

Vehi-cle News. A survey of U.S. manufacturers :evaaled that

* -only three companies, Jet Industries of San. Antonio, Texas,
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Taylor Dunn of Anaheim, California, and atm=onic Truck

Corporation of Boyertcn, Pennsylvania are currently mark-

eting EV's. The recession and low consum-er demand has

curtailed production although :esea=ch to imp=ove EV tech-

nology continues.

An excellent source of EV performance data is

contained in Electric and Hybrid Vehicles, Energy Technology

Review Nc. 44 published by Noyes Data Corpora'-ion. It

summarizes data cn characteristics, cost, maints-nancq, and

energy consumption compiled from -rack :ests, riser surveys,

and current literature. Data is presented foz two classes

of ZV's, those designed for personal use and those designed

for ccmmercial use.

EV performance differs greatly from on- vchicl: to

another due to the variety of vehicle cl-s~is, prcpulsion

sys-ems, and components used. Track and dynamomiter results

provide consistent comparisons of vehicle types bu-. vary

from data reported by users.

Noyes Data Corporation's performance tests were

conducted in accordance with the Society of Automotive

Engineers Electric Vehicle Test Procedures. The tqsts

included measurements of range at constant speed, range when

operating over prescribel driving schedules, acceleraticn,

maximum speed, gradeability (hill climbing ab-lity), and

braking. The driving schedules are: Schedule B - cruise

speed of 20 mph, fixed route, stop and go operation,

Schedule C - cruise speed of 30 mph, variable rou-te, stop

and go operations, and, Schedule D - cruise speed of 45 mph,

intaended to represent suburban driving patterns. The

performance data presented below is a result of track tests

and user surveys. Performance data for selected vehicles is

presented in Table V. Characteristics ar- presenta in

Table VI.
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TABLE V

Electric Vehicle Performance Data

Manufacturer/ Max Speed Range at Acceleration
Vehicle constant from standing

speed s-art to

Range Speed Speed Time
mGliles mph mph Sec-.- " A.M General/

rJ-5F Electruck 40 45 30 30 20
Bat.ronic Truck/

minivan 75 60 30 50 30 8
Minhivan 96 60 30 50 30 8
Vclta Pickup 60 30 50 30 8

Jet Irdustries/
rodge Van 1000 55 50 25 50 14
Code Van lt, 0 55 50 25 n.a. n.a.
For Ccurier 750 60 50 25 n.a. n.a.
Flectrica 55 50 25 n.a. n.a.

Grumman-Olson/
Minivan 55 43 30 n.a. n.a.

Source: Compiled from literature search and telephcne
inquiry

n.a.: rata not available

a. Range

For almost all vehicles tested, range decreased

linearly with increasing speed. Tests were terminated when

the vehicle could no longer accelerate to 45 mph in 28

seconds as required by schedule D. At this point the

vehicle is still fully operable but at a reduced accelera-

tion capability. it is estimated that ranges could be

extended ancther 10-15 percent before overall performanc.

would be seriously impaired. Track data is generally 25
percent lcwer than that found in the literature owing to
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TABLE VI
Electric Vehicle Characteristics

Manufacturer/ Number of Payload batteryv i-a 9el
Vehicle pass angers s weights - 1 s

AM General/ a
lJ-5E Electruck 1 670 54/1300

Battrcnic Truck/
finivan 75 2 1000 112/2300
Minivan 96 2 1400 112/2300
Volta Pickup 2 1000 112/2300

aet Industries/
Eodge Van 1000 n.a. 1000 144/960
Eod e Van 1400 a.a. 1400 144/960
Po:- Courier 750 n.a. 750 120/810
Electrica n.a. :.a. 144/960

Grumman-Clson/
M Binivan 2 550 84/1000

Source: Compiled from literature search and telephcne
inquiry.

a
Ccnfigured fcr U.S.Postal Service
Ncte: A1.l v-hicles had series wcund DC motors and

siliccn-ccntrolled rectifier choppers.

tes- procedures which require testing the vehicle at gross

vehicle weight and terminating when the acceleration

criteria could not be met. User results are significantly

lower and more variable due to weather, hills, driver's

skill, and vehicle ccndition and age. Speed is measured in

mph and range in milas.
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b. Eneray Ccnsumption

The amount of energy required to mov - _.J zne

mile is dependent on numerous variables. Vehicle veIa- and

frontal area, compcnent efficiencies, age of b.-r.Les,

speed, terrain, temperature, and number of stops azrc all

significant factors. Energy, in kilowatt hours (!.wh), is

measured at the input side of the charger. Ene:gy d-rmand is
measured in Kwh per mile. Energy consumrtion per mils

depends cn ths range achieved pe-r driving cycle and the

amount of energy required to recharge the bat- 4eris. The

amount of energy needed -o recharge the batteries depen,3s on

the depth of discharge and the efficisnci-as of -he cha:rger
and hat:eries [Ref. 23].

Noyes Data Corporation conduct.ed road test s- to

measure the effect cf vehicle weight, spe-d, "i vs
acc.leration and drivelin _ efficiency on enezgy consum-:._cn.

Resistive acceleraticn IS the sum of t-re friction an av o-

dynamic drag, and driveline efficiency is inversely

propcr-ional to -he total loss of energy between th- ba::-.'ry
and wheels (Ref. 24]. They found the energy consum0ti::: to

be prcpcrticral to the mass of the vehicle an I-he rzsis- -v-=

acceleration, and inversely p-oport-ional to the z- ivpline

efficiency. The effect of speed on :.nergy c,.nsu, t-o:

varied by vehicle f-cm little or no aff-ct to subsz-n-:.al

increases as speed increased. Track da-a ranged from 0.10

to 0.28 watt-hour per mile per pound of vhicl--. weig .tt.

Field experience fell within the range of 0.25-0.50

Wh/mile-lb. Energy consumption in Kwh/mile as a funcnicz of

vehicle weight in pcunds as shown in Figure 2.1.
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Figure 2. 1 Electric vehicle Energy consumption.

c . Accelerati-4on, Maximum Speed, andA Gradsabii!,j

In general, acceleratio, mxmmsed n
q~ada *liy were lower than ths'fcnetonal veshiceas.

lccsleration from 0 to 30 rsquired 14 mo 3L4 seconds and

maximum spe-zd ranged from 35 to 56 mph. 4ost EV's can cli-mb

steep grades at slow spee-ds but most vah-'cles had Ii-ff-cull:y

cli:mbing more than a 5 percent grade a-: 25 mph.
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d. Payload

Personal vehicles are designe.d fc- czn y two

passengers with nominal payload. Commercial vehicles have

capacities ranging from 370 to 1770 pounds with most

exc~eing 900 pounds.

2. Ccm onents

The description of EV componen-s .s pr:sen.tsd ir the

order in which power flows fro: zhe sourcq to th= =ic-:ic

motor whers electrical energy is convesrted to machanical

nergy. From the receptacle, the powar flows to the battery

charger, active power battery, magns-eic con-actor, cort-

roller, and the electric motor.

Sa. Recentacle

For small EV's the receptacle is a 15 amp 125

volt, two pcle, three wire, grounding type racepticle with

attachment plug. For heavier commercial EV's the receptacle

is a 250 volt, 2 pole, 3 wire, grounding type receptacls and

attachm-nt plug [Ref. 25]. The require.d power source is

238-230 vol- line, 30 amps, with a 30 amp breaker. This is

equivalent tc -wo 115 volt lines and a ground. The number

of receptacles required depends on -the s:zs of -he fleet and

frequency and length of charging.

h. Battery Charger

The battery charger is an integral component of

-he EV sys-tem. It sust be compatible with the voltage and

current of the e.lectrical receptacle a.d -he voltage and

acceptance current cf the battry. As a resul- of the

variety of battery types and voltages, gensra2-purpcse

commercial battery chargers ganerally are not sui-able and

the charge=s must be custom designad 'or he individual

4 ,Vehicles.
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The battery charger may ba ei-h r tt-.-' - ..

vehicle cr located at the charging station. On-boaz. char-

gers enhance the flexibility of the vehicle by allcwing

charging at multiple locations and minimize the chance of

the vehicle being stranded away from its charging station,

but add to the weight of the vehicle. An on-board charger

weighs apprcximately 115 pounds. Off-board chargers may be

larger and mor versatile. These chargers can be programmed

to charge when low voltage is sensed, charge a-- presst

intervals which keeps the battery warm thereby x-ending

battery life, and complete charging shortly before vehiclz

use.

The battery charger accepts alternating current

from the power source and converts it _o direct curren- at

-.he vcl-age required by the battery. Charging at a gr-ater

current may cause gassing where the battery eLec:-clyte is

chemically dissociated into hydrogen and oxygen gasses.

Gassing necessitates more frequent water ng of tht

batteries. Overcharging may also cause the bateri-s to

overheat, shortening their life. The voltage required t

charge a ba-tery varies over the charging time, gradually

decreasing as the cell nears it3 full charge.

c. otive Power Batteries

Power to the motor is supplied from a pod of 6

or 12 volt lead acid batteri-s connected in series. The

vol-age available is a function of the number of cells in

the pcd. Each fully charged cell has a voltage :f 2.35

Volts. Other types of batt-.ry systems have bean proposed

* and some have been developed and tested in EV's, bu- none is

commercially available today. Batteries are "deep cycle"

allowing them to be discharged to 20 percent and recharged

without damaging the plates.

L0
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Two types of lead acid batn::ees a-- suitable

for EV use. The gclf cart battery I's designed for rsla-

tively lcw ini tial cost, hi-gh power, and high s ps : Lf i,

energy. The industrial battery is designad to pro3vidi: lonq

life and high energy, but it is heavier and more -!xpensiv,?
than a golf cart battery.

Battery life is measured in discharge cycles,

the number of cycles bs ing dependent on t:he depth i isc-

barge. A coinmerci1.ally available golf car: battsry %a s it

useful li fe of 350 cycles when discharged to 80-90 r,,;.:csn':-

of its capacity. 1  Its useful life increases to fovcjrT 751)

cycles when the depth of discharge is decreasead 5')
pqrcent. Industrial batteries have a cycle li-fe of, 75.1-2001)

deep cycles [Ref. 26).

The atta, al energy densi-ty (Whr/lb) ispn
dent or the discharge rate of the battery. The capaci-ry of
the battery is also tam per atu-a dependent. Lwrtmea

turesz reducs the capacity of the battery.

d. Iagnstic Contactor

A magnetic contactor is an slecr; cal swit-ch

operated by an electromagnet placed bQetween the bat-et:Y ani

--he controller. When open, no current flows f,:on th-

battery. The circuit'- is closed by trigon the ignition

key or by operating in sequence the ignition K~ and the

accelerator.

e. Controller

The speed at which t.he elzect-ric motor -:urns is

4governed by the controller which is operated by th- accelsr-

ator pedal. The controller controls -the flow of power from

the batteries to the motor and If regenerative breakin.- is

IR- zvcoww-hMi Coan~rad Weinlain, Globe-Union,
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used, the conrzoller also controls the energy flcw ir the

opposite direction. It is designed to provide smooth, affi-

c ient, safe, and reliabls operations during acceleration and

constant speeds, and provides overload protseotion to the

* motor.

Four types of controllers are currently used.

1. Ete sistance types: A rssistor is inserted in the
circuit which limits currnt. Th-ismehd: n-

Pensive b10u t Causes ene rgy loss. This loss Is

P roch ibi t ive i n v -eh I - Ilas l arzge9r th an gol1 f cart s.
2. Voltage Switching Type: Th4rri~ urn s

limited by the apol1icati on of a low initial vol-.ags

across the motocr contacts. As the rotor gainrs spead

successively higher back electromotive force (=emf) is

generated in the armature li-miting the current. As

--he accslerator is depressed further, a successiv~ly

* Mhaher voltage is applied -o the motor. Thi:s method

s rlatively inexpensiva but result.s in jerky accel-

eration and inczaasad maintenance.

3.VotaeSwitching and Resistance Insert Type: This

method combines the featares o f the abcve two

methods. A resi'stor Is inserted between the_ Steps

resulting in smoo her acceleBration.
4. Solid State Chopper: A solid state control levice

cpsthe power from the battery into discrete --'ma

blocks. A lightly depressad acceleratocr provides

relativesly widely spaceid snargy blocks. As :h e

accelrtri further dspressed the energy blocks

are spaced closer togsthesr. This is the Prefered

4 meathod of control for larger vehicles.
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f. Electric Motor

The most commonly used motor is a direct

current, series wound type because of its high star .ing

torque and simplicity. The high starting torque may obviats

the need for a transmission. Under heavy loads the torque-

ampare ratio is higher than that of other types which

reduces battery drain during acceleration or while negoti-
a-.ing grades. In a series motor the field windings corsist

of a few turns of large cross sac.ion conductors which arm

connected in series with the armature. The shunt motor
coasists of many turns of smaller wire which ars ccnnected

to a field ccntroller. Because of the extra shunt windings,

it offers more flexibility and control than Ices a serias

motor. A cumulative compound wound motor combines :h
features of series and shunt motors. It provides high

starting torque and greater flexibility in ccntrcl.

Regenerativ - braking requires the capability to vary the

shunt field current. This raquires an additional control

cirruit that cannot be incorporated into a series motor.

Ef forts tc incorporate regenerative braking into EV's hav

resulted in a trend towards shunt or compound motors.

g. Auxiliary System

Auxiliary equipment, such as lights, horn, and

heat are provided by a 12 volt auxilary electrical systsm

similiar to that used in an ICE vehicle. The auxiliary

bat-ery may be charged in three ways: from the same charger

used for -the motive batteries, from the motive battzrls

using a step-down oscillatory circuit, cr a belt-pocwered

alternator. Electric heaters are inadequate_ for large EV's

and have been supplanted by petroleum-based heate.rs using

gasoline cr propane.
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h1 Regenerative BrakinMg

In regenerative br"akin_,g, a pcrt-con c f t s

k ineat ic energy cf motion of a vehicle when stopped :oi: slowed

*is transformed from mechanical energy to electrical energy

and reintroduced into the battery. The benefits of rgesr-

at-ive braking are:

1. An increase in vehicle range, or, less battery is
reured toobtain a given ranga.

2. Less energy ccst per mile.

3. Frolonged battery life owing to a decreased depth of

discharge required for a given range.

4. Less war on mechanical braking surfaces.

A study conducted by the 4ationa2. oatkry Tezst

Laboratory demonstrated that a 20-30 percent iLncreass 17,

range is possible with regenerativa braking (Ref. 27].

3. Adatq~

EV'S provide a viable alternative to Pe:trol.un -

dependent ICE vehicles. Although procuremsnt costs azs h~gqh

relative to ICE vehicles, operating cos-.s par mi4le may bs

less depending cn driviLng conditions and th-? prce of eir-c-

tricity and gasolins.

The simplicity of EV's should offer in.-c:?asze raeli-
ability and decreased maintenance costs. Currec2, falr

rates in the United States are high but this is attrlbutabl=

to the lack of maturity in the i'ndustr=y. W h, rze EV's arm-

well est-atli4shed, for example, in Great Britiin, their rs].-

ablty and maintainability have been excellen- (Ref. 28].

C-ther advantages are decreased noise, and th rmal and air

a pollution.
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4. Disadvataes

Decreased range, speed, and payload lesser EV versa-
tility, however, EV's r-mai6n. s uitbefrlw .frac

missions.
Acquisition cos ts and ba t tary ra-placement are

significant ani not likel1y to be -iffse,: by lower cperating

and maintenance co'sts. Purchase rricas are twice that of

comparable ICS vehicles and --'ie uszefal l1f e o f a batt-ery

pack is app:oximately one to two ye ars.

The batteries and electric motcrs may present, a

safety hazard to pe--sonnel invclved with their use and

* -maintenance. Voltages in EV's range3 from 48-216 volts. The

elctrclytes present a possibility of chemical burns and

hattery clarging prcduc-3s explosive hiydrogen gas nscesssi-

tating additional ventilation.

5. Sumar

Range, usage rate, spe=ed, and l-,ad capacity are 'Less

than conven14ional vehicles bu-. do not preclude EV's from

accomplishing low performance missions. They are ideally

suited for short-range delivery or utility vehicles wit-h

missicns characterized by low speeds and multiple st:ops. EV

technology will produce substantiLal improvemqnts i6n perfor-

mance and expand their missiAon capabili4ti;es.

Acquisition ccsts are high owing Io lo rduto

volumes stemming from low consumer demand. Operating costs

may be 'lower for specific application and when comparsd tc

inefficient ICE vehicles. Energy consumption is minimal

when the driving pattern is characterizad by frequent stops,

coasting, and deceleration which do not consume energy.

Regenerative braking returns energy to the ba-ttery, f ur- her

reducing operatinmg costs. The simpli-city of an electric

Kmotor relati6-ve to an ICE motor should reduce maintenance

L
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costs. Failure rates are higher than ICE vehicles but arc

lew in Grea-. Britain where EV's have long been establ.Lshed.

The malor maintenance expense is associated with hattery

.aintnance and replacement but research ani develcpment

continues to increase the energy density and useful life of

tatteriss.

EV's satisfied the measures of effectiveness fcr low

perfcrmance vehicles and were retained as a fleasible

altsrnative.
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III. COST MODEL

Department of Defense guidelines direct that all

resources resquired to achieve a stated objective be includeid

in any economic analysis. The two objectives of the ccs

analysis are to determine the total li4fe cycle cost (LCC) of
each alternative and determine the cost ccefficients of the

decsin vrible ad he i-nput-output- coefficie-nts of ths

constraint variables in the linear program. The LCCelsmsnts

considered are the relevant investment, operating, and

maintenance costs of each alternative over the useful I6fe-

of heveice. Ccsts not considered are sunk cost~s, -ver-

head costs, and the cost of stocking suppor-t equipment and

repair parts. Fiqure 3.1 is a graphical presientation of

cost-guantity relaticnshi4ps.

The cost coefficients express the rate at which the-

value of thz objective function or the total li.fe cycle ccs--

of operating a fl1e et of vehicles Increases or dscreasgs as

one additional vtehicle using a particular fuesl is added or

removed from the poFulation. The: coefficient is squal to

the unit cost of each fuel type.

1. CCST ELEMENTS

1. Inveistment costs

Investment ccsts are divided ino two categoraas:

fiAed costs, which temain constant regardless of the numsr

of vehicles using a particular fue l type, and variable

cost s, which are uniform per vehicle but vary in total .

Sdirect pcrpcrison to the number of vehicles. Fixed invas

ment costs include infrastructure cost, Installation, and

training required to support a flaeh of vehicles. h
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Total

Variable

, ixed

Quantity

Figure 3. 1 Cost Quantity Relationshirps.

relevan-t rarge over which these costs remain fixed depends

cn the nunber of vehicles the infrastruc-tur-e i.s capable of

supporting before addiUtional support facilities must be

added. This deFends largely upon the sizs of the flee- and

the- usage rate of the vehicles. Larger fleets and hi.gher

usage rates require more refueling aid additional suppcr:_

facilities. In actuality these costs ars semi-fi:xed,

increasing in a ste~wise fashion as the- number of vehicles

exceed the capacity cf the supporting ifatctr.Th ess
coss viibe described Outher when- the cotof each alter-

native is addressed. Variable investmint costs Include

vehicle procurement, conversion ki:t procurement, and salvags

value. These costs are nonrecurring. Procursment costs are

assumed to be incurred in year one and salvage costs in the

f inal year of the life cycle.

Vehicle procurement costs ares represented by the

average purchase price of vehicies purchased by the General

Services Administration for the Navy. They are listed In
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the Automotive Commodity Center Mon-.hly Cus'omer Agency

Raport which is a cumulative listing of vehicles pu-chased

by vehicle type 'or the Federal government.- Purchase prices

by vehicle code are listed in the Transportation Equipment

Descriptive Reference File Listing. For vehicles utilizing

natural gas, the procurement cost is the cost of the vehicle

plus the cost of the conversion kit necessary to convert to

CNG. Procurement costs for EV's rapresent the average

purchase prices of vehicles that will meet misson :equire-

ments and were obtained from EV manufacturers.

2. _CTatjnq Costs

Operating costs consist of annual fuel costs and are

determined by the price of fuel, vehicle efficiency, and

annual miles traveled. The price of fuel is measured in

dollars pc-r gallon cr kilowatt hour and vehicle efficiency

is measured in gallons per mile or kilowatt hours per mile.

3. Maintenance Costs

=aintsnance costs consist of preventive and correc-

tiv. maintenance performed on the engine and drive train.

Included are all maintenance costs reported on the Operating

Budget/Expense report which includes the cost of oil, spark

plugs, filt.rs, and replacement parts and components. They

also include maintenance contracted to outside activities.

.aintenance costs fer CNG arc- a reduced percentage of -he

ccsts incurred for gasoline vehicles. The percentage factor

is the savings in maintenance claimed by CNG manufacturers

and users. Maintenance costs for EV's are computed sepa-

rataly and are a funtion of annual miles. They also include

the pericdic replacement of battery packs for EV's.
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Maintenance costs are difficult to measur- becaas e

accounting procedures do not allow for distinguishlng

preventive from corrective maintenance. Maintenance data for

CNG and electric vehicles is inconclusive because reccrd

Skeeping is inconsistent and incomplete, and manufacturers

are inclined to advertise the best case as cppcsed t-

average maintenance costs. There is a good deal of uncer-
tainty associated with maintenance costs but the diffeprence

between alternatives is suf ficien- to waran-: - h -i.-

consideraticn.
If an alternative is not included in the final solu-

tion the fixed ccsts would be zero and a discontinuity would

exist at the origin for the fixed and to-al cost curves.

B. LIFE CYCLE COST

Life cycle costinq is based on the economic life of the

vehicle. The econcmic life ext.nds through the period

during which the vehicle is capable of performing its
assigned mission. Annual mileage and preventive maintenance
weigh h.avily in deteraing the useful life of the pcwer

4train. Environmental factors may cause the body to det-rio-

rate before the engine does. Delays in programming and
acquiring replacements may rqquire a command to maintain a

vehicle well beyond the poin-t where it makes prudent senss

to dc so [Ref. 29].

Activities report annually to their Transportation

Equipment Management Center (TEMC) the projected mileage of

each vehicle over the next three years. Using life -xp.c-

tancy cr.4teria in NAVFAC P300 Appendix C, the TEMCIs

determine how many vehicles will require replacement and

program that number into the procur.ment cycle. Public
" works personnel determine which vehicles to dispose of when

-. new replacements are received. Age and mileage expeclancies
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for sedans and trucks under one -on are 6 years or 72,000

miles. In addition to the age or mil-age cri-eri-., a

vehicle is eligible for rsplacement when the cost cf repair

exceeds 50 percent cf the pr.sent wholesale valiq of the

vehicle as determined from computational factors provided in

NAVFAC P300, Appendix C. With a two year planning, p=ogram-

ming, and budget cycle and an additional year for GSA to

purchase, receive, and deliver vehicles, an a ddiionalth -=e

years may elapse befcre a vehicle is finally replced.1  For

this analysis the life cycle was based or. a r.n y ar
economic life, an arbitrary but suitable period. T>±s also

corresponds to the life expec-ancy of EV's claimed by EV

manufacturers.

C. DISCCUNT RATE

Present value techniques are used to d.sccunt fu-ur.

cash flows to present value. DODINST 7041.3 recomends a

disccun- rate of 10 percent in compara.ve cost -tudiss of

general purpose real properties. Thisrate _.co-porates
interest cost, investment opportunities foregone, n a 2 to

3 percent inflation stabilizer. Ccostant 1982 dclla-s were

used in this analysis. Tale VII contains uniform conti-

nuous flcw discount factors for single year and cuauia-ive

uniform flows at 10 percent.

z| .l;erviw with Nr Bob JA$hby, General Services
Admins-tration, San Prancisco, Cal.fotnia, 11 January 1983.

51

4



TABLE VII

Discount Factors at 10 percent

Project Year Present Value of $i Present Value of $1

Single Amount Cumulative

Uniform Seri-s

1 .954 .954

2 .867 1.821

3 .788 2.609

4 .717 3.326

5 .652 3.977

6 .592 4.570

7 .538 5.108

E .489 5.597

9 .1445 6.042

10 .405 6.447

11 .368 6.815

12 .334 7.1149

13 .304 7.453

14 .276 7.729

15 .251 7.980

Source: Department of Defense Ins ruc-.on 70141.3,

18 October 1972.
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V. GISO.IE

1. In1vestment Costs

Fixed investment costs for gasoline-powered vehicles

consist of underground storage tanks, fuql pumps, and

distribution system. These are treated as sunk costs and

not ccnsidered in the analysis.

Variable investment costs consist cf the purchase

price of the vehicle less its salvage value. The FACSO RPT

SYN/NG 11200/F825 AE02 provided the current unit purchase

price of vehicles by equipment code and family designator.

The average purchase price of the seventy two vehicles at

NPS was determined from the unit price and frequency of

cccurrence for each equipment code. A weighted avs=.age

purchase price of $7,600 was determined.

The salvage value cf a vehicle is dependent on its

* . age, mileage, condition, type, inflation, and consumer

* demand. Historically, the General Services Administration

has recovered 25 percent of the purchass price of sedans and

30 percent of two wheel drive light :rucks after approxi-
mately 72,0CC miles. This figure applies to all Federal

agencies in California, Arizona, and Nevada. The Defense

Property Disposal Offics at Fort Ord, California is recov-

ering 25 percent of acquisition costa on Army sedans and

light trucks after approximately seven years or 100,000

"miles. The Defense Property Disposal Office at Naval Air

Staticn, Alameda, California sstimated the avarage salvage

value of sedans and light trucks after -en years and 60,000

miles at ten oercent of acquisition cost. These character-

istics corresponi to the projected age and usage rate of the
vehicles used in this analysis, therefore, ten percent was

used as the salvage value.
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2. C.Ej:atinj colts

Annual fuel costs equal the annual gallcrs cf gaso-
line consumed multiplied by the price per gallon. Annual

fuel ccnsumption is the product of the average annual milec

and the average fuel efficiency of the fleet.
The average annual miles for the NPS fleet was

cbtained frcm the Equipment Usage Record 12ND NPS 11240/1
(2/77). Fuel efficiency was obtained from the Operannng

Budget/Expense Report by dividing the annual miles by -h .

annual gallons of fuel consumed far each cost account code.

The average annual miles for the seventy two vehicl.s was

5,928 and the average fuel efficiency was 114 mies per

gallon or .071 gallons per mile.
The price of gasoline was obtained from the Ncvember

gasoline bill. The State of California refunds th . state

gasoline tax of seven cents per gallon for gascline consi zed

cn Federal installations. The percentage of on-bas . us . was

obtained from the Monthly Gas Sheets and averaged 20 percsnt

for the vehicles in the study. The Price of S1.196 was

cbtained by taking a weighted averaga of ths price pai'I

before and after taxes were removed.

3. Maintenance Ccsts

Preventive maintenance 43 perfcrmed at _ uLa-

" intervals based either on mileage or on a specifi-d -:.m=

period. Preventive maintenance is predictable over th-s life

cf the vehicle, increasing only as the price of mat.rial and

labor increase. Corrective maintanance is unschc.duled , a-

or near zero during the warranty period and increasing over

* the life cf the vehicle as components begin to fail. Total

maintenance costs wculd expect to increase as the vehicle

ages.
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Unfortdnately standard govarnmant accounting p:-oce-

dures do not identify preventive and corrective maintenance.

Racords at the activity level and da-a accumulated by the

General Services Adinistration only reflect -otal mainte-

nance costs, number of vehiclss, and number cf miles

traveled. A reasonable assumptioa is that the average age

of a fleet, particularly a large fleet, :emains fairly

constant as new vehicles ar added and old vehicles
salvaged. Total fleet mainten ance costs, therefore, can be

expected to be fairly constant.

Annual maintenance cost per mile for NPS was derived

from the Operating Budget/Expense Repo-:. Total main-enancs

cost and total mileage for tha cost account codes under

consideration were summed and ivided -o obtain a ccst per

mile figure. This was done for fiscal years 1978 through

1982. The unaIjusted -utomotire maintenance repair index

for all urban consumers was used to infla-e prior year costs

per mil4 e to 1982 dollars. The adjusted figures we r . aver-

aged to obtain a cost per mils of $0.032.

4. Cos- nodal

The total LCC procuring, operating, and maintainina

cne gascline-powered vehicle is:

TC = + , PV (Mi x ((P x ) + ' - PV(S) (3.1)

U V i GAS

Where:

TC = Total unit life cycle cost.
U

P = Variable Procurement cost.

P = Price of gasoline.
GAS

Mi = Average annual miles.
f = Maintenance cost per mile.
S - Salvage value.
Py Present value factor for equal annual

i cash flows for i years. i equals the
number of yeas er lif cycle.

PV = r.sent value faceor for a single cash flcw
in the final year of the life cycle.

n - Vehicle efficiency in gall~ns per mile.
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The total LCC for procuring, operating, and main-

ta in'ng a fleet cf gasoline-powered vehicles is:

TC r:nCC (3.2)
F U

* . Where:

TC e Total fleet life cycle costs.
F

n = number of vehicles in the fleet.

For NPS, the net present value of the total LCC for

one vehicle was $11,760. The net present value for a fleet

of 72 vehicles was Se46,720.

E. CCNPRESSED NITURIL GAS

There were a number of CNG systems available with diffe-

rent operating characteristics and prices. Having a service

representative in clcse proximity to the vehicle flet _ and

the cost cf sending prsonnel 6o the distributcr for
training wculd favcr conducting business with a local

companiy. Dual Fuel Systems, Inc. of Culver City, California
was the only distributor in California and quoted lower

priccs than ths next closest distributor in Colcrado.
Unless ctherwise noted, their data were used in the

anal ysis.

1. Investment Costs

fixed investment costs consist of the compresscr or

compressors, cascade system, refueling aozzles, installation

and training. The cost of the compressor, cascade sys-em,

and nozzles was $39,000. The comprassor was capable of

supplying 45 gallons of CNG per hour or 270 gallons in a six

hour day. For the vehicles in this study a complete refu-

eling required 5 gallons. The maximum capacity of the

compressor was nine vehicles per hour or 54 vehicles per day
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assuming six hours of continuous operations. One- ccmrressor

was ccnsidered adequate for the NPS. Additional comp==_ss:s

would cost an additicnal $23,000 each.
The cost to install the system and connect the

compresscr to a source of electricity and natural gas was

estimated at $5,000 by the Colorado distributor.

Training was considered a one time cost. Training

was provided by the manufacturer free of charge, however the

activity would have to pay for travel, pe: diem, and rn-tai

car. Training costs, based on sending two employeas tc

Culver City, Califcrnia for two weeks were $3,100. Th-

" total fixed investment costs were $47,100.Inetm 4 !-4,clm

variable investment costs consist of vyi..

procurement, conversion kit procurement, and salvage ccsts.

The vehicle procurement and salvage were the same as :hcse

for gasoline ICE vehicles. The conversion kits cost $1,175

per vehicle. The useful life of the ki-s, the gas cylinders

'in particular, extend beyond the useful lif.e of the vahicle

and may be transfered from one vehicle to the n-sxt as vehi-

cles are salvaged but their exact life cycle 3s not

documented, and for the purpose of this analysis, was

assumed tc be the same as that of th . vehicle. The t-otal

variable investment costs were t8,775.

2. C e'atjZA Costs

Cperating ccsts are a function of the number of

miles driven on CNG and on gasoline, the prices of CNG and

gasoline, and the efficiency of the vehicle on aach fuel.

Additional costs are incurred to operate -the compressor. It
1 was assumed that a vehicle would operate on CNG until the

supply of CIG was exhausted and then switch to gascline. for

the remainder of the day. A vehicle with two CNG cylinders

containing five gallons of CNG and averaging 14 mpg could

travel 70 miles per day or 16,800 annual miles. Annual
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mileage at or below 16,800 would be costed using CNG and

annual mileage above 16,800 would be cos-ei using gasoline.

The average annual mileage at NPS was below this limit so

the tctal cost reflects CNG use only. In actuality, the

daily usage rate is tot uniform. Some vehicles would travel

• beyond the range of CNG necessitati-g the use of gasoline.

The price of $0.48 per therm for natural gas was

cbtained from the most recent gas bill ;rcM Pacific Gas and

Electric. A therm is equivalant to one gallon. The cost to

operate the compresscr was quoted at :ine cents per gal lon

and added to the cost of natural gas. Vehicle efficiency

was assumed to be the same as that for gasoline-powered

vehicles.

The State of California re-'iirs an annual operating

permit for each vehicle operating o- r:tural gas. Th

permit fee was $36.

3. .aintenance Costs

flaintenance costs are best measured as a percentage

savings o7er mainterance costs incurred by a gasoline-

powered vehicle. The most -.angibl_ saviLgs a=e reductions

in the main-enance intervals for oil,. !fitrs, and spark

plugs. However, car warranties may dictate specific mainte-

nance intervals preventing these saving. Savings resulting

from lass engine wear may ba realizad because of fewer

carbon deposits but are less quantifiable. The maximum

benefit would be obtained from a vehicle that had been oper-

ating exclusively on CNG. This vehicle would require ftwer
engine revairs and have a longer service life bscause 4t

would n+ have been subjected to carbon deposits frcm gaso-

lins use. 1

"Interview with Mr. James McCord, CoTppessed Natural G
(CNG) Vehlcle Equipment Company, Ft. Col ins, Colorado, G
Decemter 1982.
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A survey of automotive par-s sales and auto repairs

and service conducted in 1972 indicated that spark plugs,

filters, and grease and oil comprised aleven percent of th .

market. Parts sales. directly related to the engine

comprised 44.34 percent of the market (Ref. 30].

Expenditures on gasoline-powerel vehicles for engine rqlated

repairs ard services that would be affected by CNG were 39.5
percent cf total repair and service costs. A General

Services Administration study -sportel a 37 percent savings

in engine-ra.lated maintenance.

Five CNG users were surveyed by %:slephone to lzte=-

mine actual savings. T heir combined fleet size was

approximately 300 vehicles, the average fle-et size was 60
- vehicles, "nd the average time in service was two years.

Two users had not extended their service intervals due to

car warrant-ies. Three reported savings as a result of

extended service intervals. The Boeing Company in Seattle,

Washington reported a 30 percent savings in maintenance

costs. Vehicle service life had been extended from 80,000 -

90,000 miles -o 100,000 - 125,000 mils although this was

due in part -o the depressed economy. The majori-y stated
that maintenance ccsts we.re clearly reduc.d if service_

intervals wer extended but more data were needed before

they could quantify the savings.

While CNG systems manufacturers claim 50-60 percent,

savinqs in mantenance costs, market research and user exper-

ience would indicate it is considerably less. The actal

savings in maintenance would depend on the age and usage

rate of the fleet and a £riori estimates would be very

subjective. Uncsrta.inty in these estimates can be evaluated

by using sensitivity analysis. in optimistic estimate for

NPS wculd be a 37 percent reduction in the 39.5 percent of

maintenance costs or approximately a 15 percent savings

factor.
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The total LCC for p roc urin g oparating, and mai4n-

taining one vehicle ccnverted t11o CNG is:

TC =P V (3.3)

PV ((Mi x ni x P +Mi x Tn x P + 4
i CNG CNG GAS GAS

(i + Mi )0(-)()
CNGi GAS

0P) - PV (S)

where:

TC = Total unit life cycle cost.
U

P = Variable Procurement cost.

P = Price of gasoline.
GAS

P = r-ricq of compressed natural gas.
C?4G

Mi =Average annual milaes traveled on CNG.
CNG

-i Average annual miles travaiad on gasoline.
GAS

M =Maintenance cost per mile.
S Maintenance cost savings factor.
S =Salvage value.
CE =Annual operating 2.3rmit fee.
PtI = ras. nt value fac a r .for squal annual

cash flows for i years.
P = Pesent value factor for a single cash flcw i-n

the final yepar of -the li4f-- cycle.
=vehicle efficiency in gallons per zile

The total LCC for procuring, operating, and main-

tainiang a fleet of CNG-pouered vehicles is equal to the

-- fixed inves-!ment cost plus the variable cost multiplied by

the numbir cf vehicles.

TC + n(TC )(3.4~)

H Where:
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TC =Total fleet life cycle3 cost.

F

n =Number of vehi-cles in the flaet.

Pcr UPS, the net present value of the total LCC for

one vehicle is S11,2E4. The net presernt value for a fleet

of 72 vehicles is $859,692.

P. ELECTRIC VEHICLES

Electric vehicle manufacturers arc- few and ternuTbers

are dwindling. There exists a wide divergence? in cost data
leninglitle value to an Industry average. One manufac-

turer was chosen on the basis of current availability of

vehicles and the lowest procurement cost-.

Bat-crcnic Truck Ccrporation of Boysrtown, P-:nsy2 vani a

manufactures two mi nivans and one picku tck tat could

replace low performarce sedans and trucks. PerforimancE data
andchaactrisicsaredisplayed in Tabls V A:~ Table VI.

Costs used in the foil ewing analysis pertain to these

vehicles.

1. Inve -stment Ccsts

All three vehicles cf Battronic Truck Corpora.-ion

had purchase prices cf $15,950. The pu~chasc pr~cq included

a two module, 112 volt, indust:rial-type batt-ery, and an

* cn-bcard charger.

The salvage value after ten ye-ars was quoted by the

sales representative at six percent of the acquisition cos-:.

* This was derived from the current market values of the le3ad,

copper, and iron scrap in the vehicle.
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2. C -~rati4n~ ~s

operating ccst-s were quoted at 1.5 kilowatt-hours

per mile based on dat-a collectedl from EV users for_ both

wner and summer driving. This is a conservat--ive figure

relative to data collected on other types of EV's of similar

weight, and should be easily attainable.

The price of one kilowatt-hour paid by NPS wa s

30.0706. The averag~ annual mileage of veh' cl~s detsrmined

to be low pqrformance was 4 097.

3. Maintenance Ccsts

Th~e simplicity of tha electr c moto6r relative -.c the

ICE should result ir lower maintananc? costs. Sixty-twc

percent of maintanance costs for conventional cars arise in

the engine and It s f uel , ignit4ion, cooling, and exhaust

systems. Maintsnance costs for EV's wereetmte t3

percent of the :Pa in tena nc a costs for ICE vehi.cles. Ths

reduction to 38 percent reflects the elimination of most of

the part--s and labor requirs~d by the ICE, whereas the elec-

tromotor and contr',ller re quire 1.6ttle or no serv~c=

during t'he .1ife of the vehicle (Ref. 31]. Howeviar, addi-

tional maintenance costs are Incurred that are unique tc

EV' s.

The major e xpe nse is hsoiae wihte lator

involved with battery charging and maintenance [Ref. 32].

This is supported by maintenance data collected by the U.S.

Pos tal1 Service. Data collzectsd from the Department of

Energy's Electric and Hybrid Vehi1cle Demonstration Proect

show that about 75 percent of the main'tenance on EV's is

tat e ry- related preventive maintenance9: watering czlls,

cleaning terminals, and tighteni"ng connectin, n onue

about 1-1/2 hours every two weeks per vehicle. Battery

replacement is a majcr recurring expense.
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The battery used by Battronic Truck Corporation was

guarantied for 750 cycles. One cycle per day, 240 days per

year, would provide a useful life of three years. Batteries

would require replacement in years four and seven of the
life cycle. Replacement price for the battery pack was

$4,800. The scrap value, based on a current market price of

lead cf $0.22 per pound. was $506. This was treated as a

reduction of the battery replacement cost.

Material and labor maintenance costs were quoted by

Battrcnic Truck Corpora.on a- $0.08 per mile.

4. Ccst Model

The total LCC for procuring, operating, and main-

taiming one EV is:
TC - P + PV (11: x ( nx P + M)) + (3.5)

U V i Kwh

PVa(B) - PV(S)

Where:

TC = Total unit life cycle cost.
U

P = Variable Procurement cost.V
P = Pric of electricity.

Iwh
Mi = Average annual miles of traveled by EV's.
M = Maintenance cost.
S = Salvage value.
P. = Present value factor for equal annual

i cash flows for i years.
P~a = Present value factor for the year in which

baztery replacement occurs.
B -- Battery replacement cost less salvage value.
PV = Pesent value factor for a single cash flow i-

the final year of the life cycle.
Vehicl e efficiency in kilowa-:t-hcuzs per mils.

The total LCC for procuring, opera-ing, and main-

taining a fleet of E's is:

TC f n (TC) (3.6)
F U

Where:

TC f Total fleet life cycle costs.F
n = number of vehicles in the flee-.
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For NPS, the net present value of zhe to:al lI-

cycle cost for one electric vehicle is $25, 863. '-*:

present value for a fleet of 35 vehiclas, the maxlmu' numta:

vehicles determined to be suitable for replacemert with low

performance vehicles, is $905,205, compared to $411,600 f or
thirty-five gasoline-powered vehicles.
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IV. LINEAR PROGRINEING

A. TEE NATURE OF THE LINEAR PROGRAMMING PROBLEM

Linear programming is a mathematical tecol fo-r deter-

mi6ning -the optimal allocation of an organization'slite
*resourc-,s among compe--ing lemanas. It is characterized by a

- . linear obfective function prefixed by profi-t or loss coeffi-

cients. The objective f unction iJs eit-her maximized or

m~~nzdsubject tc linrear- constraints whi-ch define t6h-

area cf feasible solu=ions. As with all deciso moesi

*-is an aid --o the decision maker and is not intended t-o be

ths scie- basis fcr a decision.

* The simplex methcd is ar, itsrat-ive process for sclvi4ng a

li-near prcg--ammi4ng prcblzm. Tha search begins at the origin

where a ts-st for optiLmality detarm:.nesiftevleo h

objective function can be inczeased. (for maxilmizaticn Frcb-

lems) by mcving to an adjacent corner point of the feasible,

are-a. The rrocess ccntinues -in-til no further improv=eme:nt is

po s sib le.
Computer software is available for7 solving the linear

program. An International Ma~thematical and Statistical

Library (IMSL) routine was used inr- this analysis.

1. General Chra -eristics and Terinloq

A li-near programming problem is composed of:

Decision variable: The variables whose value is unknown.

The variables represent the projac-ts or alt:ernatives and th-4

-value is the quantity Included In the final sclution. They

are usually designated by X1,X2,...etc
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Prof it .:;L Cost Coef ficients: The coefficient:s of the varia-

bltes in the objective function. They expr=ess ths rats at

which -:he value otf the objective funct!ion increasas or

decreases as one unit is added cr removed from the Uinal
solut io..

Objecttie functicn: A mathematical expres, lon showing the

linear relationship between ths decision variabl-s and a

-nql e ;Ical or objective which is either min-imized when the

decision va~iables are prefixed by cost coefficients, or

maxi4mizzed when the decision variables are Drefixed by profit
coefficient-S. The cbjsctive function is a measurement of

effectiveness of goal attainment. The valus of the objec-

..LVe funtion. Is represented by the variable z.

A. Costra -nts: The ccnstrainms represent -he limited avai-

ability of resources or specify the M=nimum projsct

req~i _4-mert i-n the final solution. They limit the: maximum

cr ?iniiuum value of the objective function. Constrainzs may

Ie. expressed as lineiar e qu ali_4tie.-s or 4iequalities.

Costraints consi-st cf input-output coefficieSnt!s wr--:r-sn on
the left:-hand side cf the equation and capacIZIeS wrir-ec. on

the right.

In~ p -aot cefcens h coef ficients prefix th

dscision variables and express the rateq at which a rescurce

is utilized or depleted as one uni't of a decision varilable

isa added or deleted from the final solution.

Capaities: The availbliyo va::-Jous res,-urcgs e-xpressed

as an upper limit, lcwer limit, or inequality.

NonnegA t±!:i: Only nonnegative values of the decis-i

variabl=es are allowed in the final solut _-on.
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2. Assumptios with Linear grogrAmm-'-g

Certa inty: All data associated with linear programm~irg is

known with certainty. Sensitivity analysis provides scm=

leeway in dealing with the certainty assumption..

Linea.Lij: The unit costs and input-output coefficioants

change linearly with volume. They are unaffected by changes

in quantitiss produced or purchased.

Nongativit: All decision variables are reqiecctk

nc-nnegative values.

Additivi t: Th-a total u-ilization of: a resourcs -s i~r

mined by summing that portion of -he resource corsum-sl by

each alternative.

.pi!isibillt1: The decision variables are continuous, t ha-

is, they can take any fractional value. In this prcblzm

fractiLonal values are infeasi'ble but- it6 will he assumed -hat
rounding to the nearest whole value will not alter :-he opti-
mality of the final solution.

In d~erdc Complete independence ;=xiLsts among- a1-:=rna-

tivss and resources.

3. A Product Mix Example

A simple product mix problem will be used tc -IJlus-

trate li-near programming. Two products, A and 19 w -t 1-

profit contributions of $25 and $30 =e~ctivMy must
coptefr heel md resources. Eighty hours of labor

time and ninety hours of machine tima are avai-lable sach

week. The manufacturer is unable to market more than seven7units of product A each week. Product A consumes 8 hours of

labor and product B 10 hours. Product A consumes 13 hours

of machine time while product B consumes 6. The ccnst-

* raints, wrii:ten as linear functions, are:
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Labor hours 8A + 10B ~,80

Machine time 131 + 6B 90

Mlarketing 1A + OB < 7

Solving for the variables A and B !.n each equation.
yields the A and B intercepts. The cons-_ra-;nt6s are plotted

10
SA.4 103 S 80

AS 7

6

0 7 8 13 A
z - 25A +30 B

Figure 4.1 The Product Mix Problem.

graphically in Figure 4.1. The area boundeI by O-C-D-E-0

dsfines t-he feasible arsa in viich thz- optimal solutior. may
be Ocu~ni.

The objective is to maxisiza proffit which is repre-

sentrd by r:he variable z. The objscti.J.ve- Jfunction is:

* ~Maximize z =25A + 30B
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The slope of the objective function is an isoprofit

line. starting at the origin the value of z is increased by

moving the isoprofit line away from the origin until it

intersects the point on the boundary of the feasible areca

where profits cannot be increased without exceeding one or

more constraints.

Three dimensional problems require considerable

effort t. sclve graphically. With four or more variables it

is impossible. Linear programming uses an iterative process

to analytically evaluate all corner points defining th.

feasitle region and test for optimality.

A widely used heuristic method for allocating a

limi td capital budget is the net present value method

proposed by J. H. Lorie and L. J. Savage in 1955. A firm is

tasked with investing a fixed amount of capital in a number

cf possi-le projects with known cash flows. The cost of

capital is assumed tc be known and independent of investm-ntJ. -. to rza- vau an

decisions. Cash flcws are discounted to present value and

projects a-e ranked in decreasing order of net-present-

valus-to-cost ratios. Projects are sslected from the top of

the list until the available capital is exhausted.

A project with a high net-pr-sent-value--o-ccs-t

ratio may be of such magnitude that it excludes the possi-
bility of selecting multiple smaller projects t hat may

result in a larger net present value for the firm. This

method fails to consider capital limitations in investment

periods beyond the present except through a trial and error

analysis of combinaticns of projects. It also des not

consider any surplus capital that could be utilized for

additional Frojects.
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H. Martin Weingar.ner, in 1962, cast thes

Lorie-Savage problem in a linear program. The present value.

of each alternative is evaluated in a linear function.

Although in-.eger prcgramming methods may be used to deal

rigorcusly with the indivisibility of investment projscts,

the excessive computation time produces only slight improve-

ments over the linear program approximation. The capital

requirements of each alternative and the capital constraint

for each year of the project are also represented by linear

functions. The objective is to choose the alternative or

alternatives that maximize the net presen, value withcut
violating any budget constraints up to a specified horizon.

Restricting the upper value of each project in the final

soluticn to unity ensures that only one cf any project is

included in the final solution. Projects with a value of

one are selected [Ref. 33].
Jchn J. Clark, . al, formulated a sa- of heuristic

decision rules for accomodating fractional values. If ths

value of tbe project was between 0.80 and 1.00, the firm

would probably ssek additional funding for -he project. A

value tsetween 0.30 and 0.80 may warrant a joint venture with

another firm. If the value was 0.30 or less the project

would prcbatly be. rejected [Ref. 34].

B. TB! FLEET MIX PECBLEH

The fleet mix prcblem has characteristics of the product

mix and capital budgeting examples. A mixture of high and

low performance vehicles can fulfill the mission require-
ments of an activity, but opera-ting budgets and capi-al

requirements must also be considered. The technique of

selecting the fuel type with the lowest net present value of

costs may not always be the optimal solution because; (1)
the fuel type wit.h the lowest total cost may not be f easible
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for high performance vehicles, (2) a -ie , -ype may =eu!-: in

lower operating and laintenance costs but the investiment and

conversion costs may exceed procurement bude:---., and (3)

combining two fuel types may result in a net present value

of costs greater than that of iperating solely on gascline

due tc the fixed investment cos- which must be .tdded to thp

total variable cost.

The Mision requirements of an activity iicta te th .

number of high cr low performance vehicles -ha- can be in

the final sclution. The Equipment Usage R3cerd _indicates
vehicles with annual usage rates and daily ope.rating ranges
that exceed the limit for low performance v-hzcle- estab-

lished in Chapter II. A listing of vahicles cn-boarl can b _

used to identify vehicles with load capacity =equirements

that exceed the limit established for low performan- vehi-

cles. The fleet managers must make a subjecTive Iscision

based on mission assignments as to how minimuu aczep-able

speeds affect vehicle classification. For -xample, a
requirement for extended highway use would preclude asign-

ments as lcw perforwance vehicles. of the 72 vehicles at

- the Naval Postgraduate School, 11 vehicles had innual usage

*rates over 11,800 miles, 26 vehicles had minimum load capac-

ities over 1400 Ecunds, therefore 37 vehicles were

classified as high performance. The remaining 35 vehicles
were classified as lcw performance. An analysis of indivi-

dual vehicle requirements and classification based on speed

or highway use- was nct considered.

The problem is fcrmulated to take into account an activ-

iy' s Operations and maintenance (OS1,N) and Other

Procurement, .avy (OP,N) budgets. At a minimum, OP,N is an

estimat- of the amount the General S-.rvices Administration

has budgeted for gasoline-powered vehicle procurement.

Procurement dollars for vehicle conversion to CNG need not

* criginate from within an activity if external procurement
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dollars are evailable. In this problem, however, i is not

required, cr even desired, to consume all of the available

capital.

The decision variables represent the number of vehi-

clas cf each fuel tyFe and are defined as follows:

X = Gasoline-Powered Vehicles
= CNG-Powered Vehicles

2
X = Elect'ric Vehicles

The coefficient (c) of each decision variable -xpresses

the total variable unit cost of procuring, opezazing , and

maintaining one vehicle of each fuel type. These values are

obtained from equaticns 3.1, 3.3, and 3.5 respectively. Ths
value of ths objective function, z, :epressn-s the total

variable ICC of procuring, operating, and maintaining the

fleet. The fixed ccsts must be added to the value of z to

arrive .at the total fleet LCC. The goal is :o minimize the

value of z.

The cost coeffi,:i.nts in the first constraint are the

unit variable purchase costs and variablq investment costs

(CNG ccnversion kits) for each alternative. The right-hand

side is an estimate .-f the OP,N amounts budgeted for vshicle

procurement and additional OP,N amounts planned for

investment/conversion. The procurement budgets are treated

as one apprcpriation account; however, an activity would not

be able tc transfer funds from one appropriations account to

anot hr.
The cost coefficients in the second constraint re the

unit C&M costs for each alternative derived from equations
3.1, 3.2, and 3.3. The right-hand side is the OSM dollars

-udgeted for vehicle operations and maintenance in th . first

year.
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The cost coefficients in the -:hird ccnstrain- a:= th_

unit present value of annual OSM costs less the salvage

value. The right-hand side is the present value of an

activity's budgeted CSM costs for the fleet. The computa-

tion of annual and budgeted O&M costs and budget constraints

for NES are contained in Appendix A.

The fourth ccnstraint limits the number of lcw perfcr-

mance vehicles in the final solution, low performance

vehicles being previcusly defined as electric vshlcles. Th%-

coefficient for low performanca aiterna-ives Is one. Th-

right-hand side is the maximum number of low performance

vehicles allcwed by an activity.

The fifth constraint provides the user with the cption

cf specifying the number of vehicles that an activity

desires tc remain gascline-powered, for example, emergency

vehicles cr Admiral's sedans.

The sixth constraint specifies tha flee=t size. Ths

coefficient for each alternative is one and the right-hand

side is equal to the fleet size.

The problem written as line.ar equa-ions Is:

.1inimize z = c X + c X + c X
1 1 2 2 33

Subject to: b X b X b X < b

11 1 12 2 13 3 1

b X + b X + b X b
21 1 22 2 23 3 2
b *b X b3 X3~

31 1 32 2 33 3 3

b X < b43 3
! .b X >_ b
S51 1 5

b I +b X +b X = b
61 1 62 2 63 3 6
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Ccnstraints written as inequalities may not be fu Ily

utilized in the final solution. A cons-raint of -h= fcrm

"less than or equal to" may have an unused capacity whi.ch is

represented by a slack variable (S) that is -ither po.i ve

or zero. A constraint of the form "greater than c= equal

to" may exceed the minimum capacity which Is r-presented by

a surplus variable (S) that is either positivs or zero. To

ensure surplus variables remain positive, an artif5cial

variable (A) is added to the equation. This variah -. dces

not have any physical meaning and is assigned a r, -i-ty

value of M to prevent it from entering the final solu--ion.

" is the largest value that the computer can -old

Artificial variables are also required in equality ccnst-

raints tc maintain the identity. Slack, surplus, and

artificial variables are included in the objective func+i,-n.
A soliticn to a system cf linear equations requires that

* the number of variables equal the number of equations. if

there are more variables than equations, therze are an -::-

nite number of soluticns. If there are f4we: variables tha.-n

equations, a soluticn would exist only if -her- was J.san-

eracy, i.e., when three or more equations inte-sAc- a- -he

optimal solution. To overcome this problem scme of the

variables are set tc zero. The variables in -hs finl . alu-

tion are called basic variables and may have pcs-.itvq or

zero values. The number of basic variables is equal to -he

number cf constraints. Variables not in the fical solution

are called nonbasic.

Tc solve the linear program with the compu-er the

problem was rewritten as a maximization problem in standard

form and artifical variables introduced. To change tc a

maximizat'cn problem the objective function was multiplied

by -1 and the variable for the objec-.ive function was

changed frcm z tc w, where, z =-w. The problem is now

written as:

7's
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aximize V =

-c X1 - c 2X - c3 13 +OS!1 +OS 2OS *5 + -OS -A -MA

Subject tc:
b ] X + t: X + b I + S < b
11 1 12 2 13  3 1  1 b

21 1 i;22 2b 23 13 S
-i + b X Gb x _.

31 1 32 2 33 3 3 3

b X + S < b
433 4 4

b X + A < b
51 1 5 1 5

b X +bI X + b I GA ,:b
61 1 62 2 63 3 2 6

Tc facilitats solving, aither manually or by computr,

the problem is written in a tabl.au. The variables ara

written accross the top and only the coefficients are

displayed in the main body. The* coefficients of the cbjec-

tive funtion are written below the constraints in the row

designated CJ. The ZJ row is -.he summation of the prcduct

cf the basic variable coefficienzs and the ccrrespcnding

elements of the main body. For example, Z-j for cclumn Xl

is: 0(8293) +G0(3468) + 0(0) - M(1) - M(1) = -2N. It shcws

the amount by which the objective funrion dcreasss as cn-.

more unit of the variable is added. (The amount by which

total cost Increases). The Cj-ZJ, or evaluator row, shows

the net impact on the value of the objective funtion by

adding one unit cf a non-basic variabl.e to the basis. The
basic variables and their coefficiants are wri+ter on the

left-side cf the tableau. Table VIII illustrates the

problem written in tableau form. The coefficients ars -hose

computed for YPS and are derived in Appendix A. The value

of the right-hand side of the fif-h constraint was arbi-

trarily set equal tc two for illustrative purposes. The

final tableau for the problem is displayed in Table IX.
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TABLE VTII

Vehicle Mix Tableau

1oe -.

VaIable Cooff. guantity 3X 2 1 X3 32 1 2 3 84 5 A A 2

S1 0 131300 7600 677S IS$o0 1 0 0 0 0 0 0

s 0 49902 093 437 762 0 1 0 0 0 0 0
2

S 0 271816 3460 2073 9152 0 0 1 0 0 0 0
3

-4 0 3S 0 0 1 0 0 0 1 0 0 0

A -N 2 1 0 a 0 0 0 0 -1 1 0

A.' A2  -. 72 1 1 1 0 0 0 o 0 o 1
eL j -11760 -112,, -25963 0 o o 0 0 -. -H

1/

., zj -2m oN aN 0 0 0 - o
SCJ-Zj -11760 -11204 -2SIG3 0 0 0 0 -H 0 0

I.-H

TABLE IX

Final Tableau

i DasLc

Variable Coeff. Quantity X X2 X 3  S I 2 S3 s 4 S A A2

, 1 0 2350 0 0 7175 1 0 0 0 -1175 117S -6775

S2  0 17926 0 0 325 0 1 0 0 356 -251 -437

8 3 0 119770 0 0 7079 0 0 1 0 1395 -1395 -2073

3 4 0 35 0 0 1 0 0 0 1 0 0 0

S1 -11760 2 1 0 0 0 0 0 0 -1 1 0

X 2-1124 70 0 1 1 0 0 0 0 1 -1 1

Cj -11760 -11284 -25153 0 0 0 0 0 -N -N

-j -11760 -11204 -11284 0 0 0 0 476 -476 -11284

jCI-1 0 a -14S79 0 0 0 0 -476 476 11224
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The values of basic variables are read from h _

quantity column. Non-basic variables are equal tz -erc.

The value cf w is ccmputed by substituting the values for

11, X2, and X3 into the objective function. The final solu-

tion is:

XI = 2 S = 2,350 S = 35 z = 813,400
1 1 4

X 2 = 70 S = 17,929 S = 0,.,2 2 3

X = 0 S = 119,770 w = -813,400
3 3

The fleet would be composed of two gasoline-poware.d

vehicles, seventy CNG-powered vehicles, and zero EV's. The

OPN and O&M savings over budgetad O&M in year one would be

$2,350 and $17,926 respectively. The present vali of the
savings in OSM for years two through ten would be $119,770.

Thirty-five vehicles previously classified as lcw-

performance still employ a high-performance alterna-ive.

Based on usage rate and load capacity, these vehicl=s could
be replaced by EV's wit hout mission impairment. The

requirement for a fleet size cf seventy-two vehicles has
been sa- isfied.

The total fleet variable cost is $813,400. Adding th

$47,100 fixed cost fCr the C.G infrastructure, as dev=-loped

in Section E(1) of Chapter III, brings the total life cycle
cost to $86C,500. This exceeds the t-otal life cycle cst
for gasoline-powered vehicles by $13,780 derived in Chap-er

III. Using the criterion established in Chapter I, :h

decision would be to zontinae operating with gas=c1ine-

powered vehicles.
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C. SPNSITIVITY ANALYSIS

The analysis proceeds under the assumption that an

activity is willing to make the initial fixed cost invest-

sent and configure the fleet in accordance with the final

solution. This assumption is based or, an acceptable payback

period which will be addressed in a subsequent section.

The evaluator row (Cj-Zj) shows the net impact cn total

life cycle ccst of bringing on.a unit of a non-basic variable

into the solution. Adding one EV (X3), which necessitates

the removal of one CNG vehicle (X2) to satisfy -he equality

constrain+, will increase LCC by $14,579. A requirement for

each additional gasoline-powered vehicle (S4) will increase

total costs by $476.

The ratios of substitution indicate the tradeoffs tha-

occur when a non-basic variable becomes a basic variable.

The ratics are contained in the bcdz of -h . tableau under
the ncn-basic variable of interest. Aiding one EV will

decrease the first year's savings in OP,N by $7,175 , 06M by
$325, and the the present value of subsequent year's savings
in ON by $7,079. This will alsc d.crease .he low perfcr-

mance vhicle surplus by one, have .o inpact on the number

of gasoline-powered vehicles in the final solution, and

decrease the number cf CNG-powered vt.hizles by on.
Increasing -he requirement for gasoline-powered vehicles

will reduce OP,N expenditures in zhe first year by $1,175,

hut decr.aseO&M savings by $256. Savings in years two

through ten will decrease by 1,395. This will have no

impact on the low performance vehicle surplus and will
reduce the number of CNG vehicles by one.

Of greater interest is :he range of values that the

coefficients of the decision variables may assume withcut

changing the composition of the basis. This range is

composed of an upper and lower limit. As lcng as a
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co)efficient is within this range the current optimal sclu-

ti-on wil. remain unchanged. Should t.he coefficient gc a bovs
or below these limits there will be a change in the hasis

and optimal solution. The simplex approach distinguishes

between the aralysis of basis and non-basic vari.;ablss.

Analysis cof Basic Variables (B) : The analysis Cf vari-

able z1 will lie used as an example.
Step 1. Copy the CJ-Zj row of the optimal solution.

Stsp 2. Copy the X1 row below ths C.J-Zj row.

Step 3. Divide the CJ-Zj row by rhe X1 row for aach

non-basic variable.

B B NB B B B l
Ci-Zi 0 -14579 0 -7

Xl 1 0 0 0 0 0 -1

Cwli- - - - - 476

The sitallost positive number (476 -in this example) tellS

by how irnch the cefint of X1 can be incrsas-: befc:-

the solu-tion is changed. The smallest negative number

(absolute value) indicates by how much the coefficient car

be decr=eased without changing the solution. The smallest:

negative value i4n this example Is infinity. The range of

values itherefore,

-11760 - < c 1< -11760 + 476

or

N - < c < -11284.

The total variable LCC would have t:o decre,:ase to $11,284

before -:he composition of the fleet would be composqd of

qasoline-powered vehicles only. An increase In t he 4'ota.

variatle ICC would have no effec-, on fleet compos i i.
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Repeating the same analysis for variable X2, -he range

cf values is

-1 1760 < c2< 0.

The tctal variable LCC could increase to $11,760 bsfcre the

composition of the fleet would change to gasoline-powered

. vehicles cnly.

Analysis of non-basic variables: In order for a non-
basic variable to enter the final soluticn, its coefficient

will have to change from its present value (Cj) to C'j,

where
C 'j > zj.

For an EV to enter the final solution, its LCC would have to

decrease to a minimui of -11284.

Knowing the range of values that the coefficients may

assume without changing the final solition, the user can
. then examine the determinants to evaluate their sensitviry,

c r determine the changes rtqgirad before an altesni-ive

becomes ccst effective.

D. ANALYSIS OF THE DETERMINANTS OF TOTAL LIFE CYCLE COST

1. Gasoline

Since acquisition cost and salvage value are ths

same for gasoline and CNG, changes in relative LCC's woulA

have to be a result of changes in operations and mainte-
nance. The price of gasoline is the most lik.ely determinan -

to change. To reduce LCC to $11,284, life cycle operating
costs wculd have to decrease from $3,23 to $2, '67
(Equation 3.1). To achieve this reduction -he price of

gasoline would have to fill to $1.019 per gallon, a likely
cocurence with tcday's oil glut and price instability.

If maintenance cost savings with CNG were predicted

to be 50 percent instead of the 37 percent used in this
* analysis, ICC for gasoline-powered vl.hicles would have to
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drop from 311,766 tc $1 1,239. To~ achieve -:his reduc4-icn,

the price of gasoline would have to fall to $1.003 per

gallon.

2. Cmrese laur Gas

with a bill pending in Congress todere-gulatr -the

natural gas industry, the price of natural gas is most

liksly -to change. To increase variable LCC from S11,284 to

11,760, life cycle operating ccst would hav*e to increase

from $1,547 to $2,023 (equation 3.2) ,which equates to an

Increass in the price of natural gas form $0.57 to $0.75 per

gallon, cr, approximately $7.50 per 1000 cubi;c feet. Thi6s

would be a 31 percent increase over the current pri-ce.

Maintenance cost savings with CNG are unc-artain but

the tctal LCC is relatively iJnsensitiJve to chanaes in the:

saving f actor. The current LCC Is based or. a conserva- iv

est-imate of 37 percent savings In an(T.ns-=-e'.ated ma-Inte-

nance. An optimistic estimate of 50 ?ercsni- would decrease

LCC by $45 to $11,239 or 0.4 percent.

The cost per conversion ki-t can, ncr, ase -to $1, 551

or 40 percent before LCC reaches $11,760.

3. Electric vehicles

Acquisition cost is t he single largst datermi-nant

oftotal ICC for EV's. Acquisition cost- is likely tc remain

high until consumer demand i.nduces lar-gqr scale production

and lcwer unit cost. An increase in demand is likqly -- be

the result of increased cost in operat ig gasoli ne-powered

vehicles and shortages in gasoli6ne supplies.

4Battery replacement and maintanance costs are the

second largest determinant. Projec-ted lead-aci-d battery

performance in 1985 is 1000 deep cycles and an energy

density of 46 Wh/Kg. Together they might multiply the rangs

4of EV's nearly fivefold and cut bat tery depreciation in

half. (Hamilton 31).
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Evaluating hypothetical scsnarios, if an EV purchase

price was reduced by approximately one half to $8,000, and

the useful life of batteries was extended to fivs years, the

total LCC would be $15,320. This is still $3,560 greater

- than gascline-powered vehicles. If the price of gascline

- were to increase to $2. 00 per gallon, total LCC for

gasoline-powered vehicles would increase to $13,944, still

, less than an EV.
Ccmparing an EV with a ten year life cycle, $8,000

purchase price, an, five year battery replacement cycle, t-

a gascline-pcwered vehicle with a seven year life cycle and

a gascline price of $2.00 per gallon, the annualized LCC for

an EV over -the ten year cycle is $1,532. The annualized LCC

for a gasoline-powered vehicle over seven years :s $1,567,

slightly greater than on EV.

S E. PAYBACK PERIOD ANALYSIS

A decision to incur investment costs to achieve savings

in 0CM wculd be based on an acceptable payback period.

Approval authority is dependent on the investment value of

the prcJec-. Energy Conservation Improvement Projects

(ECIP) tl.at :equire approval by major claimants are gener-

ally apprcved if the payback period is three years or less.

An alternate approach to sensitivity analysis is to

determine the impact of various determinants cn -the savings

in 06M. Since the high LCC of EV's place them ou- c-f the

picture for the near future, the analysis will focus on
qasolir- and CNG. Eeterminants with the greatest pot ential

for affecting savings in O&M are the difference in the
prices cf gasolira and natural gas, fleet size, and average

annual miles. Sav4ngs in maintenance costs resulting from

conversicn tc CIG have little impact on the difference In
: " C&,M.
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A large divergence in the price of gasoline cve: the

price of CNG will result in greater 0&1 savings and a

shorter payback period. Average annual miles is likely to

remain ccns-:ant for any one activity; however, an activity

may be interested in the impact of varying the number of

vehicles ccnverted. The analyst must, keep in mind the

effect average annual miles and the number of vehicles

* converted have on the required numbers of compressors,
cascade systems, and the resulting investment cost.

Der-ved from equations 3.1 and 3.3, th . -quation fcr C&M
savings is:

AO&M = n x Mil(n(P - P ) + M (1-s) (M)) r n x OP (4.1)
GAS CING

Where:

P = Price of gasoline.GAS

P = Price of compressed natural gas.
GM = Maintenance cost per mile.

*s = Maintenance cost savings factor.
i =Average annual miles.

= Annual o erating permit fee.
n = Number oi vehicles.

n Vehicle efficiency in gallons per mile.

Witb the sxcepticn of annual operat.ing perzmits, wh-ich

vary acccrding to the number of vehicles, 063 savings is a

functicn of the price difference between gasoline and

natural gas, average annual miles, and the number cf vehi-

cles. Fiqure 4.2 depicts fleet savings in O6 per 1000
average annual miles per vehicle as a function of the price

of gasoline minus the price of CNG for various fleet sizes.

The savings is computed by multiplying the value cbtained
from the atscissa by the average annual mils pnr vehicle

* divided by 1000. This value must be reducel by the annual

operating permit fee multiplied by the nuabar of vehicles.

Fcr the 72 vehicles at NPS averaging 5928 annual miles,

and the current prices of gasoline and natural gas cf $1.196

and $0.57 per gallon, respectively, the savings in O&l is
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Sources text.

Note: Savinqs must be reduced by the

operating permit fee multiplied by the

fleet size.

Figure .2 Gasoline and Natural Gas Prices vs. O&M Savings.

$18,432. With a $131,700 in-ial inves-ment fl: the

compresscr, cascade, and conversion ki:s, ths payback would

be approximately sev.n years.

Tc achieve a three year payback pe-iCA, annual savings

in 01 wculd have to be $43,900. S-tting O&M in equation

4.1 equal to $43,900, holding annual miles and numbcer of

vehicles ccrstan-., and solving for PGAS - PCNG, the price

differance would have to be at least $1.46 per gallcn.
Tc achieve a three year payback using the Navy-wida

average miles per vehicle/year of 7900, and average mile per

gallon of 13.5 [Ref. 35], 143 vehicles wculd have to be

converted. This is based on the requirment fcr two

compresscrs and a target annual O&M savings of $51,600.
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P. SURNARY

The linear program was designed for maximum flexibil-Ity.

Cost coefficients and right-hand side values may be changed

to reflect changing Erices and fleet charactzeristics of any

1-7 activity.

The linear programming solution to the above scenario

calls for a fleet mix of two gasoline-powered vehicles and
sevntyCN-pove~ed veh'A.-Zes. (A result of the arbitrary

requirement for two gasoline-powered vahiclas in the final

Solution.) The total variable cost is $813,400. Added to

this is the fixed in ves tment cost of $47,100 for a

compresso: an d distribution system for a total LCC of

$860,500. Ccmpared to the LCC of $846,720 for gasoline-

powered vehicles, and in light of the decisicn criterion of

lowest LCC established in Chapter I, the Afinal decision.

shotild.be tc continue operating gasoline-powered vshic'as.

The final dscision. rists with the - reatment of fixad
*cost6s. While the total. LCC with CNG is $13,780 greatesr than

that cf gasoline, anrual O&Ml is $18,432 less. Depending on.

the prices of gasoline andl natural gas, annual miles, and

fleet S.ze savng ino&.may be of such magnitdet

justify incurring the investment cost associated with CNG.

For NES to recover the $131,700 invest:ment in" three years,

annual 0824 savings would have to be $43,900. To achievc

this, the price differnce be-tween gasoline and CNG would

have to be: 11.46 per gallon.
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V. SURNKARY AND CONCLUSIONS

The purpose of this thesis was to provide flet faragers

wi-h a consolidated source of information and decision

models for evaluating the potential for using alternativs

fuels. Advantages and disadvantages of compressed natural

gas; (CNG), alcohol, and electric vehicles were presented and
a determination made as to their suitability as replacements

for gasoline-powered vehicles.

The gasoline-powered vehicle served as a baseline

against which other alternatives were compared. To accomo-

date the different performance characteris-ics associated

with ech alternative, measures of effectiver.ss wEre estab-

lished reflecting these differences and served to

distirguish between high and low performance alternatives.

These measures were: range, usage rate, speed, load
capacity, and fuel availability. The minimum level of

effectiveness for high performance alternatives was set to

preclude replacing a gasoline-powered vehicle with an alter-

narive that degraded its ability to perform its mission.

The analysis was conducted in 1982 dollars and alt erna-

tives were evaluated based on their current state-of-the-art

technology. The decision criterion was based on the zinim-

izing total life cycle cost (LCC) of procuring, operating,

and maintaining a fleet of vehicles.

Seventy-two vehicles at 'he Naval Postgraduate School

(NPS) served as a sample population for comparing total LCC.

The population consisted of sedans, station wagons, and

light trucks with gross vehicle ratings of one ton cr less.

The total LCC for prccuring, operating, and maintaining this

fleet was $e46,720.
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Ccmpressed natural gas (CNG), when used as a A-ual fuel

with gasoline, satisfied the minimum levels of effactiveness

for high performance alternatives. The primary advantage is

its lower price per gallon and its plentiful supply,

although with natural gas deregulation, future gas prices

are uncertain. Because CNG burns cleaner than gasoline,

maintenance intervals may be extended and exhaust emissions
reduced. Fuel efficiency may be increased because cf bet-er
ccld starting capabilities. CNG's lower specific gravity

relative to air and -he narrow range of air/fuel ratios tha-
w'_ll suppcr6 combustion make it a safer fuel than gasoli-n.

Adding two gas cylinders to a vehicle adds about 250

pounds and occupies up to 7 cubic feet. The additicnal

weight reduces acceleration from 25 to 40 perceant and fuel

economy by 5 to 10 percent.

The high initial investment cost is the major disadvan-

tage to CNG. Conversio n to CNG requires compressors,

storage and distribution systems, and vehicle ccnversion

kits. The amount cf savings in OEM is dependent on -he

price difference of gasoline and natural gas, the v.hicle

usage rate, and the number of vehicles converted. Using
Novemuer 1982 fuel prices and Navy-wide average annual. mil-s

and fuel efficiency data for fiscal year 1981, 143 v-hicles

would have tc be converted to achieve a three year payback.

The investment cost to convert seventy-two veh'cl=s at
UPS is $131,700. The total LCC to procure, operate, and

maintain seventy-two vehicles would be $459,692, or $12,972
mora than gasoline, however, annual OEM cost would be

reduced by $18,432. To achieve a three year payback the

price difference between gasoline and natural gas would have
to be at least $1.46 per gallon.

Interest in alcohol (methanol and ethanol) has stemmed

from a need to reduce the nation's dependence cn foreign

oil. Currently, this interest has ebbed as a result of
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today's cil glut. Alcohol poses technical problems with

vehicle performance, distribution and handling, and ccmpat-

ability with mat erials. These problems are not

insurmountable and are likely to be solved with further
research. The advantage with alcohol is that delivery,

storage, and dispensing systems would not be substantially
different than gasoline system. EHowev-r, alcohol for motor
vehicle use is not currently produ:ed in sufficiLan quanti-

ties to be considered as a viable alterrnative to gasclina.

Electric vehicles have shorter ranges, slower cruising
spe- ds, and lighter load capacity than gasoline-pcwered

vehicles yet they are still capable of fulfilling some

missicns currently performed by gasol'ne-powered vehicles.

They arc ideally suited for short-range: delivery or utility

vehicles with missions characterized by low speeds and

mul-tiple stcps.

The analysis focused on EV's with commercial applica-
tions. The EV's manufactured by Sattronic Truck Corporation

were usid in the analysis based !n current availability,

lowest procurement ccst of the five manufacturers surveyed,
and suitability for replacing gasoline-powered vzhic'es

without mission impairme nt. Acquisition and ba tt.ery

replacement costs remain the biggest deterrent to EV use.

Acquisi-ion cost for the EV's nanufactured by Battronic
Truck Ccro.-ation was $15,950, equiped w-th on-board char-

gers. The battery pack had a useful life of three years and
a repacement cost of $4,800.

Operating cost may be lower for specific applications

and when compaed to inefficient ICE vehicles. Energy

consumption is minimal when the driving pattsrn is charac-

tegrized by frequent stops, coas-ing, and deceleraticn which

do not consume energy. Regenerative braking increases the

range and reduces the operating cost. Annual O&M cost per

vehicle was $69 greater than that of gasoline.
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The simplicity cf the electric motor should result in

lower maint.nance cost; however, failure rates are currently

high cwing to the lack of maturity in the EV industry. A

lack cf trained personnel for maintenance and difficulties
obtaining replacement parts have been cited as disadvantages

by EV users.

The LCC for one !V was $25,863. Thirty-five vehicles at
NPS were determined to be suitable for replacement by EV's.

The ICC for a fleet of thirty-five EV's and thirty-seven

gasolir.3-powered vehicles was $1,340,325, or $493,605

greateL than a gasoline-powered fleet.

The linear programming model was effective in analyzing

the variable cost components of each alternative. It

provided a means for assessing the impact of substituting

one alterna-:ive for another on total variable cost and G&M

budgets.

Fcr illistrative purposes, a constraint calling for a

minimum cf two gasoline-powered vehicles was imposed leading

to a sclution that specified a fleet mix of two gasoline-

powered vehicles and seventy CNG-powered vehicles. The

varia l- LCC was $813,400 and, after adding fixed costs, the

total LCC was $860,500. The first year savings in OSM and

CP,N would be $20,279, and subsequen- savings in O&M would

be $119,770.

The linear program produced the range of LCC values over

which the fleet mix solution remained valid, from which ths

sensitivity of LCC determinants could be analyzed. Gasoline

prices could decrease to $1.019 per gallon, or, natural gas
prices could increase to $0.75 per gallon without changing

the fleet mix. The final solution was relatively insensi-

-* tive to maintenance ccst savings with CNG.

The final fleet mix decision depended on the treatment

of fixed costs. Adding the fixed costs to the variable

*6 costs obtained from the linear program changes the solution
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from a mix of CNG and gasoline to gasoline-power- - -,

cnly.

Nhile the LCC fcr CNG is $13,780 grsater than that of
gasoline, annual Om is $18,432 less. The decision may b=e

governed by the time it takes to recover fixed costs. For

lNPS, the payback period is approximately seven years. Tc

achieve a three year payback period the price difference

between gasoline and natural gas would have to be $1.49 per

gallon.

9
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APg]RNRIX A
CCHPUTATION OP ANNUAL AND BUDGETED CASH FLOWS

A. CCNPUTATION OF ANNUAL CASH PLOWS

Cash flows in year one are the unit procurement costs

and the cperating and maintenance costs for each alternative

derived from equations 3.1, 3.2, and 3.3. Cash flows in

year two thrcugh nine are the annual opera:ing and maine-

nance costs in 1982 dollars. For EV's in years four and

seven, the operating and maintanance costs are net o _

battery replacement costs of $4,800 in procurement less $506

in salvage value. Cash flows in the final year are net of

vehicle salvage value.

The OP,N and O& in the first and second constraint of
the linear program are the first year cash flows. The O&M

in the third budget constraint are the cash flows in yo-ars

two through tan discounted to preseat value using a 10
percent disccunt rate.

E. CCAPUTATION OF BUDGETED CASH FLOWS

The practice for budgeting 06&1 in the Public Works

Department of the Naval Postgraduate School is to budget the

current year's OSM adjusted for inflation and increased by

any extraordinary items. The budgeted O&M for each yea: is

the amount required to operate and marin:ain 72 gasoline-
pcwered vehicles computed from equation 3.1, and consi'arid

to be the minimum amount that can be budgeted each year.

The procurement budget is the average unit purchase price of

. gasoline-powered vehicles, plus additional OP,N available
for investment and ccnversion. In this problem, sufficien-

4 OPN was programmed to include -he cost of CNG conversion
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kits. Table X shows cash flows by year for each al-:._:v .

and the tudgeted OM and OPN.

TABLE I

Annual Cash Flows

Year Gas CNG EV's Budgeted

1 (OP,N) 7,600 8,775 15,950 631,800

1 (0 &) 693 437 762 49,905

2 693 437 762 49,905

3 693 437 762 49,905

4 693 437 5,056 49,905

5 693 437 762 49,905

6 693 437 762 49,905

7 693 437 5,056 49,905

8 693 437 762 49,905

9 693 437 762 49,905

I0 (67) (323) (195) 49,905

9.
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