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ABSTRACT

i
X
iﬁ Ar econcmic analysis 4is made of va2hicles powszz4 by
- compressed natural gas (CNG), alcohol, 3ad electzic vahicles
!! (EV's) as pessible replacements £or gasolins~pcwzo-zd vehi-
55 ' cies. Advantages and disadvantagss o€ vehicli2s pswir=d by
ﬁ? the various fuels are discussed ard dz<eraminaticnz of their:
- sui~atili+y are made basad on vehicle parformanc2 chzzactsr-
E. istices and fuel availability. CNG 2and EV's a-2 detzunined
= to be vialle alternatives basad on currant state-of-thi-ar-
N tachnclogy. Alcohol is not retainad as a viable altsrnazive
° tecause cf 1imit=d fuel availabili+ty. M2éels are pras:nted
for de*:=rmining the total lifs cycle cos: €for gasoliaz2, CNG,
and EV's, A fleet of seventy-two v:hicles at <+ha KNaval

Fostgraduate Schecol is nsed as an example <o ccampa=: ths
ccs* of each alterrnative. A linear prog-am is u
determine the mix of gasoline, CNG, and elec%ric veaicles
that sa+isfy mission requirements for +<he lsas:t *oza
life cycle cost and +o perform sensitivizy 1analysis 2n ¢
* cost determinants. A generalizad foramulazicn is al
presented to allew a vehicl2 fl2et manager %0 1s2 the aeth
dclogy cf tiis thesis as an aid to evaluating the pctzntial
of al*arnatively-fualed vehicles in diffe-ent si=zua*ions.
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I. INTRODUCTION

The ccst of maintaining and operating a fleet of vehi-
cles is a significarct item in any Public Wcrks Depar+man<
tudge+. Invariably there is an interast in al“ernazives to

v

the gascline-power2d internal combustiorn engins (ICE) s a

means of <v=ducing these cos=ts. Twd> factors dampen =hi

n

interes= and usvally termina<2 any further Iaquiry. Th

1)

first is a lack of consclidated information on <the fceasi-
bility cf using alterna*ive fuels and th2 seccnd is *hs lack
of capi=zal regquired for the initial iavestmznt. Nat:ional
intsres<t in alternative fuels stems from a dssizz =c¢ reduce
cur depsndence on petroleum~-based fuels and ra2duce *hz leval
- of emissions from automobilss. This <=he

0]
§ b
n
[ B
"
Ww
n
]

assessment cf the feasibility of employing sev=

a
ij tivs fu2ls In non-tac+ical, ot-*+he--road passenger v2
ﬁ used by Naval activitiss and pres2n+ts dacision acd

determining *h2 total 1life cycl2 costs (LCC) 2ard <he op*imal
mix cf vehicles using alternative fuals. The veahiclss a=

the Naval Postgradua+e School (NPS) ar2 nsed as a represan-
+ative sample for comparing LCC of 2ach alterna=ive.
:".j. The cprtiml wmix cf vehicles 1is datermined by a lin=za:c
f: program. Linear ©[programming is used <to dstermine <the
L cptimal allccation of limited rasourcas among ccmpeting
d2mands. The 2advantags of linsar p-ogramming lies wi%h
f sansitivi+y analysis. The range cZ valuss of <he ccst cosf-
ficizsnts and constrain® variables over which an op+imal

solution remains optimal can be dezermined. Th: uncertain*y
of various cost zlements can b2 better avalua*ed wi<h lin=sar

- frogramazing.

10
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PBOBLEN STATEMENT

The increasirng 1life-cycle cost of operatiag gascline-
powered ICE vehicles has 'stimulaszd an interest in
alterpnative fuels. Local activiiies 1lack a c¢onsolidated
source c¢f informaticn with which <“o evaluate alternative
fuels against their mission nzeds, da~2rmine life cycle
costs, and determine the op+imal mix of vehicles omplcying
alterpative fu2ls.

B. OBJECTIVE

o

The rescsarch objective is +to fcrmulate 2 procsdure for

performing an economic analysis of <the use of al%arnative
2ob ive arse

jsc

ot
2

fuels 12 mctor vehicles. Und2rlyiasg <his
three sut-okjectives.

sTent sta<e~-cf-the-ar+

1. Pressznt an overview of *+he ¢

-

u
cf alternative fuels and develop an eZfectiveness
h 1:

1\
h

model with which to avalua*s = gaslLbil.<y cf using
each alternativae.

2. Develop a model for Jetermining tn<al life cycle
ccsts.

3. Develop 2 mathematical program for letezmining the
optisal £le2*+ configurz+ion of vehiclas using gaso-
line or alternative £fu=2ls. Op<imalizy i5 defined as
“he leas*t total cost <€£or procuring, operating, and
main*taining a fleet ¢f vehicles.

C. ALTERBATIVES

Alternazives consider=2d are natural gas, alcohols, and
elactric vehicles. These alternativas are curc-2ntly ia use
and cos: and performance data is resadily available. Na“ural
gas is cprimarily methane (CH4) but can contain ugp +*o2 20
percent higher hydrocarbons, such as 2thane, propans, and

1




tutane. Dual fusl systems ars designed *to operate cn either
compressed natural gas (CNG) or gasoline. Dual fuel sysz:zms
cffer savings in operating and maintenance costs withou* the
range limitatioas <¢f natural gas systems. Subsequent
analysis cf natusal gas will pertain zo dual fusl sys+ems,
commonly refered to as comprassed natural gas or CNG.
Nethancl and e+lkanol are th2 most common forms of alcohol
used in the zu*omozive induscry, however, iInteres= 1in
alcohcl stens prrmarily from r=aducing pe<rolz=um consumg+ion
rather than cost savings. Blectric v2hicles -ange in size
f-om golf carts to Dbuses and may be designed specifically
for elsctric propulsion or th2y may be conversicns of
currently preduc2d ICE vehicles. This analysis focuses on
electric vehicles dssigned for commarcial use. Electric
hybrid vehicles which combine alectric propulsion wi+h ICE
engines ar2 not includad in *his analysis.

Vehicles usiag alternativs fusls or propulsion systems
pay havs inferic: performance characteristics or other limi-
“ztions when compared <o gasolin2-powersd vehicles.
Vzhicles with high usage rates, r2quirsd to <ravel cn high-
ways, or regquired to travel long dis+aances be*ween refueling
would not te viable candidates for teplacemarnt with low
gerformance alternatives. Conversely, many ICE vehicles are
over-pcwered for the task assigned and <could be resplaced
with lcwer rerformance alternatives [Ref. 1]. When consid-
ering <hese alternatives it 1is important *o define th=
missicn tc which each vahicle is assigned a=zd the envirom-
menz in which i: operates.

Gasoline-powered vehicles ars =he baselinz against wnich
cther alternativas are compared. By definition, <h2y are
high perfcrmance vehicles with <range and power characteris-
tics that enable thes to fulfill all missicn requiremen+s of
an activisy. A mission is dzfined as the *ask a2 vehicle is
rtaquirsd +c peczform. Although the only standarcds for

12




Ll ANE MR dr ot e iy 2t 2 b e g —— Ty Ty T T T ——— d d

vehicle fprccurament pertain =o engine size and gross vehicle
w2ight, wusers have ganeral a expectation of *he performancs
characteris+ics of gasoline-powered veahicles. Lcw perfer-
mance vehicles are characterized by shorter ranges, slcwer
cruising speeds, and lighter load capacities and wculd not
satisfy all mission requirements.

To identify high and 1low perfo-mance alternatives,
measures cf offzctiveness are astablished that reflec* the
areas where performance may be degraded. A highk performance
vahicle is, at 2 @minimum, capable of performancz in sach
m2asure a* a level equal to or =2xcesding <that of a
gasoline-povwered vehicle. An altsrnative is <£feasible for
low gp=arformance vehicles if i+« is <techniczlly viabl=: as
determined by successful use ky domestic or foreign flsets.
Minimpum values are assigaed tc high performanca measures for
the purpcse of identifying vehicles <+ha* are not sui<“able
for lcw perfcrmance alterna tives, These values are derived
from the pmaximum performance capabilities of lcw performance
alterna<ives, )

D. ALTERBATIVE SELECTION CRITERION

In czder to evaluate altarcnativas it is necessary tc
have a criterion for selecting <the bes< alterna+~ive. With
high and lcw performance al+ternatives *<he ieast cst alter-
native may not b2 able to satisfy all mission requiramen<s;
thorefcre, i+ is feasible <tha*t more than ons fuel type,
gasolin= included, may be selacted. The crzitericen is %o

emplcy the alternative or altarnativas which provide *:he

least total 1life cycle cost of procuring and opera*ing 2

flee+ without ccamaprcmising an activity's ability <c accom-
plish its mission.

. —r—
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B. MEASUBES OF EPFPPECTIVENESS

Tha measures of effectiveness for 2ach cazegocy of

Cles

are described below. The

—

veii-

aiaimam values fcr  high

parfozmance vehicles are derived in Chapter II.

1.

Range - The distance in

tetween refueling or secharging.

or electricity necessitates

refueling or r=charging

maximum distance a vshicle
tase *0 cne

gasoline statioms,

miles a vehicle

half its range.
gasoline and dual

can travel

Using na=ural gas
for
<he

its

recurcing ¢ the Lkase
th2s2by restrictin
may travsl away €-onm
Given <+he ubiqui“y of

fuel vahicles

are nct ccnstrainad by range.

Usage rate =~ The number of w@milss *zaveled by a
vehicle in one year. Vehiclas are assumed *o e used
on work days only. For <his anaalysis 240 werk days

per year was assumed.

Minimum acceptable spesi - The

considers to bhe a
Vehicles

£reeways would have higher

mission.

minimum,

with raquizements

speed that an activit

perfctm its

to safely
to tzavel or

miniaum acceptablie sgesds

+han a vehicle only requirsd to travel oa has:. Some
alectric vehicles are capable o¢f achizving sreads
greater +than 55 wmph but a%t ths expsnse of range.
BElec*ric vehicle manufacturess us2 cruising speed

rather than maximum
Load Capaci*y - The

including passengars. The

the gross vehicle weight less

vehicle.
Fuel Availabili«y -
source of fuel exists
sugply should be

£lee*t 2ach work day.

carrying

The measur=2
tOo oparate
sufficiens

spsed wher citing range.

capacity of *he vehicls
carrying capaci=y equals
<he curb weight of *he

2f whether
the
ocperat2 <he

£leat.

te

e e et e m L - . L LS W
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P. ASSUMETIONS

The fcllcwing assumprtions are integral to thz analysis.

Although some represent significant departurss frem actual

practices they are ne2cassary to formulate the cost mcdels

and the linear program. Lessier assumaptions are nc*ed wheras

applicable.

1.

4.
5.

The number of vakicles required <o perform a mission
repains fixed regardless of the fuel «yps. Emplcying
any alternative wculd not inpcrease cr decrease the
size cf the fleet.

The annual mileage traveled by =ach vehicla is neces-
sary for the accomplishment of 3its missicn and can
zxpectad to te 2t or rnear the same level in future
yzars.

The vehicle pcpula=ion iz each category (higk and lcw
tsrfcrmance) is homeganous with raspact +o purchase
rice, operating and maintenance costs, usags rate,
and miles per gallon.

All vehicles ars opera=ional on <ach wcck day.

e}

Gasoiine-powered vehicles are replaced by veshicles
with the same 1lcad capacity. The 1load capaci+y is
€ully utilized and the vehicl2 <can n3t be Tzplacad
with a lcower ma+t:d vehiclse, i+h *oday's trcend
toward smallar trucks, it is conceivabls that lower
rated vehicles will replace a larger share of ths
fleet in +he future <than they could *ocay.

Any non-iateger solution <two *he linea- program is a
clcse approximation to the in=2ger sclution. The
number of vehicles in the final solutinon 1is rounded
tc the nearest whola vehicle.

All vehicles are procured in ysar ore and disposed of
at the end of the life cycle. Phased replacement of
vehicles would result is higher <to*al costs as the
fleet progresses “oward op+imality.

15




G. BESEABCH METHODS

A literature review was conducted toc deterainsz <he
current state of the art of each alternative. Vehicla char-
acteristics and perfcrmance data war2 analyzed to dstermine
limitations +hat wculd prohibit or restrict <+hei-  use.
Limitaticns noted were range, usage rate, speed, lcad
c2pacity, and fuel availability. Measures of effactiveness
wer2 established that reflectad ca2ductions in performance
imposed ty zach alternative and distinguished high frcm low
performance alternatives. Each al*ernative was evaluated
against the effectiveness model and either =c-stained as a
high cr low performance altéarnative2 or rejec+sd =2ntirzly.

The aralysis was conducted using vehicles at <+<he Naval
Postgraduate School as a saample population. The pcpulation
was limited to all on-tha-road passenge- vehicles and trucks
with a grcss vehicle rating of one tom or lass. This divi-
s;.on enccmpassad vehicles thas were potsntial candida+tas for

itarpna=ive fusl and facilitatad analysis by cos* account
codes., Sevanty-two vehicles fell within +hese parametars.

The 1li+era*ure review was supplemented by <“elephcne
interviews with fleet managers and manufacturing raprssszn:ia-
d in

1982 dcllars. Cost models to determine total 1lifz cycle

tives *0 cbhtain current cost da+a. All cos*ts are stat

m

costs per unit and *otal fleet 1life cycle costs we-e devel-
cped for each alternative, Procurement, opara*ing,
maintenance, and salvage values were based »n the weighzed
average cczt for vehicles in tha flee<.

A lipnear program was formulated <o datermine the dp+timal
nix cf vshicles using alterna+ive fuals. The approach was
similar 40 cne applied to capital budge=ing. Each decision
variatle represented an alterna+tive which could be consid-
€red as an investment project. Constraints {ndicat24 *he
capital ccnsumed by sach alta3rnazive in each year <cf the

16




1lifs cycle. Budget constraints ars determined by *hs
activity. Additional constraints insured <hat “he final
solution was feasible.

H. SUBMARY

This thesis evaluates the potential of using ccmfpressed
natural gas, alcochol, and electric vehicles as -eplacem=nts
for gasoliaes-powered vehicles. M2asures of zffectivenssc
are estatlished that <ceflect “he inherent diff=srsnces in
performance for sach altarnativ2, Thes3 measu-es ar<¢ rangs,
usage rtate, speed, load capacity, and fus=l availabilizy,
Minimua values are assigned <to <these measurss based on
performance limitaticns discussed in Chapter II, and are
used <0 distinguish between high arnd l2w performancz
altarpatives.

Chapter II evaluates the advantages and disadvantages of
each alternative and cat2gorizes them as high psrfcrms
low perfiocmance, or infeasible replac=ments for gasolirne~
powared vehicles. Chapter TIII identifis +the ¢
associated with each al*arnative and displays +he determi-
nan<s in *o0%al cost models. Chapter IV pzesents a linear
programming model for determining th2 2p<imal mix of vehi-
cles and for performing sensitivity analysis. The Jdata
cbtained for NPS is used for comparing al<ernatives.

17
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II. ALTERNATIVES

This ckhapter examines th2 advantages and disadvantages
of ccmpressed natural gas, alcchol, and elactric vehicles.
Generally, advantages are saviags in operations and mainte-~
nance. Disadvantages are a r=sduction in one or nmcre
measures of vehicle performance. 32ach alternative is avalu-
ated against the effectiven2ss sodel and 1is censidered
feasitle 1if iz @meets the minizum 1laval of 2ffectiveness
defined for each category.

A. BININUN LEVELS OF EFFECTIVENESS

The gasoline powered ICE vehicie provides a2 baseline for
comparing the orperating performance of other al4z-native
fuels. The Federal standacds for Automobilss and Lighz
Trucks. ccntain <he ainimuam gross veaicle weight, engine
size, and o*thsr characteristics of vshiclss generally
grocured by +he Federal governmenc. Th2ic purpose is *o
achieve a practical dzgres of stanilardiza<ion in the Fedzral
automckile fleet. Thess standards do not preclude *“he uss
cf alternative fuaels that do not meet <“he ainimum
requirement.

The average ranga of an el2ctric va2hicie at 30 milas per
hour is 45 miles which cl2arly 2limina“<es elec=ric veshicles
as a high performance alterna+tive (Table V). The rCange of
a vehicle with dual fuel capabilities 1is equal *o its range
cn gascline plus ite rang2a on compressed natural gas. A
vehicle with two CNG fuel cylinders and averaging fourteen
piles per gallon has a range of approximately 70 miies. The
range with alcohol is approximately =2qual 4“0 the range with
gasolina. A vehicle that travels 45 amilass a day or less is
catz2gcrized as a low performance vehicle.

18
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Usage rates vary by missioz assigamsaz, howevar, *he
standazd for passenger vehicles and light <rucks rangss €from
6,000-10,000 annual wmilss. Annual mileage on a particular
vehicle may not meet the nminimum standard, hcwever, the
average sileage cn all vehicles of that typa should mest or
exceed the arnual utilization standard [(Ref. 2]. ith th
exception of motor pccl vahiclas which use trip tickets,

D

»

record of daily wmiles is no+ maintained. Anagual mileage or

o

usage rate is the only indicator of daily usage. Usage rat
limitations stem frcm daily range 1limitatiorns. A daily
range limitation of 45 miles with electric vehicles necessi-
tates a annual usage rate limitation of 10,800 miles
assuming cns driving cycle per work day. A vehicle with an
arnaal usage ra<ze of 10,800 or 1lass is catzgorizsd as low
perfcrmancs

It is important tc distinguish between maximum speed 2and
sinimum acceptable speed. Maximum speed is a functicn of
engine size and vahicle friction coefficients, however,
vechicles are no* designed +to operate continually a* =his
spesd, Minimum acceptable speed is defined as tha*t which an
operator d2ems approgriate to safely accomplish “he mission
and car ke maintained for the duration of <he pesriod between
refueling or rechar-ging. This may also be =zermed cruising
spe=zd. Elsctric vehicles are capable of speeds of 60 ailes
psr hcur but they caanot maintain <“his speed for any agpre-
ciable 1length of tinme. An arbitrary, bu= —reasonable,
compzcmise tetween speed and range is 30 miles gper hour.
This would allow an electric vehicle %o opsrate on Yaval
activities or 4in most localities withcut impeding zraffic

and still have a useful range. A high performance vehicle,
- unquestionably, should be capable of highway speeds; there-
E; fore, 55 miles per hour sui+ably differantiates betwsen high
;ﬁ and lcv performance vehicles.
e
19
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A minimum load capacity of 1000 pounds is prescrib=3d in
the Federal Standards for Automobilas and Light Trucks.
Commercial electric vehicles can be dasigrned for heavy loads
but at the expense of range and speed capabilities., Tyrical
load capacities rarge from 370 pounds to 1770 pcunds
(Ref. 3]. This 1limited 1load capacity alone do2s no%
preclude replacing scme high performance vehicles with =lec-
tric vehicles.

Any vialle alternative should have a plen%iful and r=li-
able source of fuel or power. Gasoline is availabl=z iz
sufficient quantities across the nation. Natural gas and
electricity are 2lsc availalble although their supplies are
nct as evenly distribut2ad as that of gasoiine and prices
across the United States are more variable. Methanol and
e-hancl are not yet available in sufficient quan+«iti=zs o
snpport <h=2ir widespread use as motcr fuels [Ref. 4].

The performance characteristics, advantages, and disad-
vantages c¢f <each alternative are described below. Their
evaluaticn against +he s2ffectivaness modal is display=4 in
Table I.

B. CCHPRESSED NATURAL GAS

1. Characteristics

Natural gas is composed primaczily cf methane bu+ can
contain up o 20 percent higher hydrocarbons such as ethans,
propane, and butane. The composition 2f natural gas varies
from scurcs to source and its physical prTopsrties Ty

<
[4]

accordingly. Natural gas has 1lcwer heating valuses rarging
tetween 18,800 tc 21,300 Btu per pound compar=2d <o 13,200 +c
19,200 Btu rer pcund for gasoline. Heating values aeasurs
<he enerqgy content per unit of volume. A small amoua*t of
refinring is necessary bafore the gas is distribu*ed. An
cdorant is added <€for leak detaction since am=sthane is cdcro-
less in its pure forr.
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Source: Text.

Y: Satisfies the criterion established for
category of vehicle.

N: Does not satisfy established criterion.
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The energy -~ ccntent of rnatural gas is measured in

Bri+ishk *hermal urits (Btu) which i3 <he amount <¢cf hea+

T

required *c raise one pcund c¢f water one degree Fahrenheit.
Volume is measured in cubic feet, To compare characteris-

tics cf natural gas to gasoline, Btu's are convertzd to

CA S SN e aa
»

‘

gallon equivalants, hereaftar refered to simply as gallons.
100 B*u €quals ore therm and one therm is approximaz=zly
equal tc cne gallon cf gasoline. A+ atmospheric pressure,

‘.

- 1020 B-=u of ra+tural gas occupies 1000 cubic fere=, The

T

irdustzy ruls £ thumb is 100 cutic fe2r of gas is squiva-
lent tc cne qllcn of gasoline. Properties of natural gas
and gas~cline are compared in Table II.

Fcr vehicle use, natural gas is comprsssed anéd

carried in cne or ncre cylinders. Mcst ICE vehicles can be
modified <cc “un solely on natural gas or G[prcorane.
Alternatively 2 dual-fuel or <ri-fuel systam may bhe wusead
that op=rates on na+%ural gas or propane uatil <-he carrying
capacity is exhaus—:ed at which <+ime *th2 operator may swizch
to gasoline. Subsaquen< analysis of compressed natural gas
(CNG) will peztain tc¢ dual fuel systeas.

2. gCcmpenanis

Conversion kits for «coaverting =o CNG consist of 2

gas/air mixer whick zeplaces the air fil<er, pressure rsgu-
lator, fuel guage ard selector switch, piping, and cne or
morz gas cylinders. No intarnal engine modificazions are
iavolved wita dual <fuel conversions. spark <+*iming is
usually readjusted sligh:ly to obtain amainimum 2xhaust 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 &t a
normal pressure of 2400 psi. The cylinders are permanently
moun+ed in <he trunk of a car cr the back of a van or they

pay te bracketed to the underbody of vehicles wizth

A PP PSP I W G R e




TABLE II
Froperties of Natural Gas and Gasoline

CNG Gasoline
Cecmpositien Erimarily aethane Mizxture of C4
(CH4) but can con<tain +0 C14 hvdro-
up *o 20% C2H8 hydro- carboas
carbons
Physical |, gas liguig
3tate during
stcrage
Lower heating
a
value
Btu/1b 21,300 18,920
‘average)
Btu/gal 19,760 1,540
Octane Ratings:
Research 120 91-100
Motor 120 82-92

D D P A P CHED P D D PR D D D D WD D WD T WD W T A P D D WD =D D A G D S -

a
The number o‘ Btu's obtained by the ¢cmplat
ccmbustion of one unit of mass or volunme.

sufficien+t ground clearance. Cylindecs are about 10 irches
in diameter and range from 44 to 62 inches irn i2ngth. Each
CNG <cylinder adds 125 lbs +o0 <the weight of the vehicle
[Ref. 5].

Fuelsair mixers are 3esignzd4 <5 £iz specific-sized
carburetors. The mixer is dZaph-agm con*-ollad and cgera=zes
cn the Venturi gprinciple, metering thes prop2r gquantisy of
natural gas into the air s*r2am over -he full range of
engine air flow demards.

23
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The CNG refusling station corsis+*s c¢cf a o
compresscr that receives the natural g93s via 2 1-2 inch line
from the local gas main and compresss2ss 350
a storage cascade of 20 cylinders which *hzn Dbec
holding tank from which the flzet is r2fusls
cylinder has a 450 cubic feet capaciiy for

fe1]
ot
Q
ot
oo
1=t
nm O
[a
O
o
(=)
o

cubic fzecx. A pressurized za2fueliing nozzl2 coun
£i11 valve 1located under <the hood. Re fu= i:g is sgither
quick £i11 which, <€cr a vehicle with =2wd cylizg

about *the same amount of time i+t +*aksas o r2fuel #- a Jjaso-
line pump, cr time £ill which p=armits 22 veaiclss +0
ke refueled cveraight. The comprassor uszd in this analysis
is cagable c¢f supplying 45 gallon of CNG p=2r hour ~=or 270
gallons in a six hour day. A pressure rzgiulzting swi+ch
starts the compresscr when the [pressure drops <o 2ppr-oxi-
mately 3450 pounds per square inch.

3. Advantagss

The primary advantage with C¥G lizs w#i<h i+ts pl

W

n-
tifal and inexpensive supply (Ref. 6], however fu*urs gas
price savings are uncertain, The na<ion has enjoy=d mcdast
prices c¢f nratural gas due *+o goveramsa=s szZice ~con*rels.
3 calls fezr a
gradual phase ou% c¢f price contr-ols on gas T el frca new

However, <+he Natual Gas Policy Act »5f 197

wells by 1984, Derequlaticn has encou:aqad p::ducets tc
drill new and expersive wells rathsr =han s211 chsaper gas
from existiag fields and thes=2 costs acs passed on %2 <he

consumer [Ref. 7]. Suppliers have agreed =0 long *erm
ccntracts obliga“ing them to pay high2ar prices even in *inmes
cf low gas demand [Ref. 8].

Currently the price of gas per *“hocusand cubic fze=x
az *he well head varies from a low of anou*« 27 c=znts fcr cld
gas tc as much as $11 for deep gas which has alrsady bseern

removed fc¢r price con+*rols [Ref. 9). Th2 U.S. Dapartmen< of
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Energy frcrecasts that gas prices ia 1983 will

"
.l
11}
)
o

average of 20 percent across the U.S. and in some
high as 40 percent [ Bef. 10].
Werld oil sugpgiiss ar= ampie and the price cf cruds

w
(8]
®
W
n
o
n

cil is mcre likely to fall than rise, at lzast cver the
shor+ t=2rm. In an effort %o raise cash, sevsral members of
OPEC have been cverprcducing and selling at discounts Lkelow
the $34 rer barrel cfficial price faef. 11]. A survey of
gasolins prices 2% 13,000 sarvice s%ations naticu wids
ccnducted in December 1982 indicate <the average price ger
gallon of regnlar gasoline was $1.127, ard regular unleaded
was $1.199 [Ref. 12].

Because2 CNG is a clean burning fuel and esntexs the
cylindesrs in 2 gasecus state, substantial savings may be
realized in min+*enance. Moxor oil, fil<ers, spark rlugs,
exhaust system, and 2ngine parts all are rc=pcrted tc lasz
longer. Unburned liguid fuel does no* dilu*e motcr cil o<
foul spark fplugs. Replacemen+t inztarvals ate doulbled fer

1 oOne distributor claims a 50

nil, filters, and spark plugs.
perc=nt *¢ 60 percsert reduction in @maintsnanc: Ccosts.
Savings are reduced when the vahicle is opera<2d on gasclins
or if a used vehicle is converted to CNG.Z -

CNG fueled vehicles have demonstratad up to a2 19
percent improveaern*t over gasoline in en2rqgy efficiency
during *rips of less than 5 miles and 1low ambisnt tsmpera-
turas Iin tha neighborhood of 20 degrees PFahrenheit
[Ref. 13]. The primary —eascn is that CNG vahicles opsrate
moze efficisntly during the cold star: and warmup por+icas
¢f “he driving cycle.

lInterviay with Mr.  larcy Praw, Publ
T2

Naval Bduca<ion and Training Center, G Lakes,
9 December 1982.

2Interyiew wi ty Mr. James McCord, Co$p:essed §atural Gas
c G) Vehicle Equipment Company, Ft. Collins, Colcrado, 13
Decenker 1982
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Several characteristics of nazural gas make i- an
inharently safer fuel than gasoline. It is lighter <harn ai:-
and will dissipate into the a*mosphsre if a leak =should
cccur as opposed to liquid fuels which puddles cn the ground
presenting a potantial fire hazard. Its igni%«icn tempera-
ture is 300-400 degrees Pahrenheit higher than gasoline and
combustion will occur only in a very limized catioc of air zo
fuel. CNG is ncn-tcxic, non-reactive, and does not fcra
smog [Ref. 14].

4. Lisadvantage

(17}

The restricted operating rarge is the primary otjec-
tion %o CNG. Actual range is dependant on the size c¢cf the
CNG <c¢ylinders and the wmil2s per gallon achieved bty <he
vehicle. A vehicle equiped with <two 300 cubic foot cylin-
ders and achieving thir¢eer miles er gallor would have a
range of 78 miles between ra2fueliag.

The additonal weight of two cylinders and associacted
equipment reduces the performance of the vehicle. In a 1979
tes* ccnducted by the General Services Admipistraticn accel-
craticn from 0-60 MPH was reducad by 25 p=srcent *c 40
percent and fuel eccaomy was 5 perc=2an* to 10 percent lsss
{Ref. 15].

Vehicles wi+th dual fuel capabili*ties canno* k=2 tuned
+c achieve maximum efficiency without sacrificing gasclins
perfcrmance. The compression ratio needed o obtair the
lowest fuel comsumption using natural gas 1is higher <=han
tha= which could be *oleratad by gasolire. Spark timing
should be advanced *tc compensate fer the slcw flame speed
tut causes krnocking when *he vehiclz is run cn gasoline.

Pur+“her disadvantages of CNG iaclude <conflict with
car warranties, possible valv2 seat wear in sngines wi*hcu+
har1ened seats and highway “unnel and bridge prohibiticms.
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reduced, it should not prohibit a vehaicle from pezfarzming

[7S

l2 vehicle performance and <=fficisncy wpay b=

its mission. With dual fuel capabilites range is rot 2
limiting factor. Savings in operations and mainterance wmay
outweigh the inconvenience of CNG although +%he uncertainzv
cf future natural gas and gasoline prices should bz consii-
ered wh2n comparing alternatives. CNG vehicles mee- =ne
pinipup level of effectiveness and CNG is cornsid=zred a f=as-
ibl2 al-ernative for btoth ca%*egories of vehiclses.

C. AILCOHCLS

1. Characteristics

Rescarch and developmen+ of alcohol as an au*cmc=ive
fuel have bsen limited to methanol and 2thancl. Imcstus for
their uss has besn 0il shortages and farm surpluses.

Alcchol may te used as a blending stock with gazo-
line c¢r in its pure or aeat fornm. Blands ar=z cecmaeuly in
d=
excise *ax on gasoline cecn=aining mors than 10 opsrcoent

concentzaticns of 10 peccent duz +o ex2mption frem

ray
(1)

' .
e
—

alcohcel, with “he w@maximum benefit a< 10 parcen<. The
Envircnmental Prctection Agency =2xempts alcohol blerds cf 19
p2rcent frcm the wginimum standards of the Clsan Air Acs
[Ref. 16). Alcohol is also exempt from all o- pazt of state
gasolina taxes in t2m states: Arkansas, Coloradn, 1Iowa,
Kansas, Ma-vland, Missouri, Nebraska, Nor+«h Dakota, South
Dako+a, and Wyoming.

ht concentrations qgrea*=r than 10 psrcent, engine
modifications <c¢ +he carburetion sysctem and comgression
ratics are required to cbtain propar fusl/air mixtuyre and

-

unifcrm cylinder to <cylinder distribucion. Modifications
once made, would prohibi“ opera<ing on gasocline.
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ff Metharol and ethanol hava simila- properties and arcs
;f con“ras<ed with gasoline ian Taplz III. The differencas in
:: boiling pecint, flash point, heating value, heat of vaporiza-
: +ion, <ccmbustion air/fuel ratio, and wa<+er solubili<y are
responsible for most c¢f he prohlems 2sncountered when mixing

TABLE III
Properties of Ethanol, Mathanol, and Gasoline

/ EXhandl  Methanol  Gasoline
Chemical formula CH3CH?OB CH_OH glxgure cf
B 4 12
Ccmpcsiticn, wt percen<*
Carbon 52.2 37.5 85-88
Hydrogen 13.1 12.6 12-15
0xygen 34.7 49.9 0
Boiling temp C 78.5 65 27=-225
Plash 01n* 13 11 -43
Lowe ea.lng value
11,5685 8,582 18,920
Biuy gal 7,580 5,660 11,560
Latent hZat of
Vapc-ization Btu/lb 396 507 50
S+tcichicmetric A/F 9.0, | 6.4, 14.2-14.8
Water Solubility Iafini+te Incfinite Insolutle

Scurce: Refarences 1€, 19.
a
Air/fuel ratio fcr comple+s combus:ion.

b,,_

b'_.

~

;ﬁ or -eplacing gasoline with alcohol. Mos= cf the prcpez=ie
E‘ cf ethancl aze intermediate +0 those of methanol and gaso-
:? line. Thess differences, as well as vehicle tests and
5 evaluaticns indicate that potential problems with the uss of
" ethancl wculd be less severe than chose encountered with
P methanol (Ref. 17).
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2. Advapzagss

Savings from using alcohol as a blending stock may
ke r2alized but would be ainimal unlass pstrolaum shor-ages
induce large gasoline price increases. Alcohol delivery,
storage, and dispensing systsms would not be subs*an+tially
different than gasoline systems beyord ke possible need for
a vagcr recovery system and corrosion resistant sicrage
tanks and lines [Ref. 18].

3. Lisadvantages

Problems associated with alcohol aze grouped by
distribution and handlinqg, vehicle performance, and compat-
ability with materials, Probleams are further identified by
+heir probability cf occurance in absence of corcective
m2asures and the relative seriousness if th2 prchlem
cccured. A summary of pctential problams with metharnol and
e-hancl are contained ir Table IV. Problems assoclated with
m2thanol are similar or mor2 ssvec2 +han with <s<hanol
(Ref. 19].

a. Distribution and handling

Phase Separation: DPhasz sa2paraticn ia the pres-
ence c¢f water or at lcw +emperatur2s is the most disturbing
tcoblem with alcohecl blends. In phase =zepara*ion the
e~hancl beccmes separated from <he gasoline with which it
was blernded. Water is commonly present in gasoline storage

¢anks ard mcre can te absorbed from the air. Th

()]

rate of
wat2r abscrb*ion of ethanol blends is markedly influenced by
the alcchcl conten*t and by surface to volume ratic. Ths
additicn of as 1li+tle as 0.2 pa2zcant water to Dblends

corn+aining 10 percent ¢thanecl has been repor<ed “c cause
phase segaration. In additon to unpradictables stallirng,

. AT e

phase separation would also apsat <he operaticn of <he
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TABLB IV
Potential Prcblems with the Use of Alcohol
- . a
Proklenms Probab%l;ty Consequenca
o)
Occurance
Distritution and
Handling
Ehase Separation Definita 1
ngrcsco ICLtI_ Definizs 2
Storage Stability Possibdlsz 2
Rena*uring Definiz2 2
Vebkicle Performance
Cold S<artability, Neat Defini=e 1
Warm-up Driveabiliry Definize 1
Vapcer Lock Probable 3
Volumetric PFuel Economy Definita2 2
Compatability with
Yaterials
Me+-al Corrosion . Defipic= 1
Non-Me+tal Compatapility Definis2 1
Lubricant Compatability Possible 2
Engine Wear Pcssibla 2
Faint Damag=e, Probabla 3
Fil+ter Plugging probable 3
sScurce: Refzrences 16, 19.
a
1 = Majcr prcblem, 2 = Mcderats problem, 3 = mirncr
Frcblem.
Ethancl cnly.
distrikuticnr sys+tem, the aqueous phase would be Aifficul:s <3
dispose cf, and corrcsion would be aggrzvated.
Hygroscopicity: Hygroscopici+y is a mszasur2 of
the tendency of fuel to absorb moisture from air, which if

sevsre, can caus2 phase separation.
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Storage S*ability: Studies indicat=s a tznderncy
for alcohol/gasolirne tla2nds te¢ form more gums durin

than the btase gasolines from which th2y were made, al+hough
one study has reported that sthanol inhibits <+he forma<ion
cf guass in some kinds of cracked gasolirne. Gascline is
susceptible to attack by certain microorganisms in the pres-
ence cf water bottoms. Ethanol is toxic to <hsse organisms
and wculd r=2medy this condition.

Rena+uring: The widespread use of =thancl/
gasolin2 blends could 12ad <=0 illici+ ethanol reccvery.
Ethancl can be separated from a gasoline blend wi<h the
addition of water and the separatad e-hanol c¢an be further
purified with charcoal tceatmenz. This problem car protatly
be solved with the additinsan of daraturants whick give <ha2
r2covered alcohel an cbjectionabls tasts.

b. Vehicle Eerformanca

Cold Startability: The vapor pressure of
ethanol is so low at ambient temp

vaporize sufficiently to providz 3 flammable mixture ani
snable a cold engine *o start below

Celsius. Cold stazting ©prcblems with n=at =thancl can
probakly ke alleviated by “he addition of 1ligh* hydrocar-
bons. E+hanol/gasoline blends have adverse z2ffezcts cn ccld
starting telew 0 degrees Celsius.

Drivability: Addizion of 2thaaol +o gasolins
izcreasss “he oxygen content of <+the fusl necessitating ar
adjustment cf the carburator to achiesve a richer air/fuel
mix-ure. Problems with drivability increas2 wi“h increased
leaning and alcohol content. The problems include stalling
during wacmups, surges, and vapor lock at highar
tsmperatures,

N
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Vapor Lock: Vaper lock results when <the fuyel
Fump canact neet the fuel demand of the engine because the
fuel is wvaporizing in the fuel 1line. This occurs corn hot

days with high volatili+y fuels and heavy 2ngine demand.
Methancl and ethanol increase the volatility increasing the
probakiltiy of vaper lock. ’

Fael Bconomy: Blending e<hancl with gascline

reduces *he fuel energy content, and if carbuceticn is not

ct

adjusted, 1:amms <he air/fuel mix*tur=z. Recent <tests using 10
p3rcert 2alcchol blerds nave shown an avarags loss in fuel
econcmy ¢f 3 percent.

c. Compatability wi<h Materials

Matal Corrosion: Ethanol can causz med:zzats o
sevzrs coTrTesion to distribution a=n ayzomotive fuel
sys:emBs. Metals susceptible to ethanol corrosion arce zing,
galvanized iron, iron, brass, copper, and lsad. Ccrrcesion
with alcchnls is aggravated by the prasencs of watgr and the

rrobler is compounded when phase separatinn occurs.

Non-metal Compatibili+y: Ethancl, because i:
iz a gcod solven+, may bs incompatabls with pclyeszer
tonded-£fiberglass laminates which are used in undergrcunid

€
storage =*anks, and with polyurethars, cock, and leather.

Lubricant Compatability: Crankcass <o
hav2 cccurred with straight methanol duriag bench zagine
tests. Enmulsion pproblams with ethanol have nc+ been
repdr*ed. Research is continuing in ludbricant compatabilis
vith gascliae blends.

Engine Waar: Very few incidznts of =sngine wear
have Leen <reported with straight <thanol. E-hancl blends
have keen shewn *o cause increas2d cylinder wea:r in a flee*
cf vehicles used intermicttently. Piel pumps have been
reported tc lose pressur2 from intsrnal wea:z whsn uszd with
methanol although nc problems have been =zceported wi<h
ethancl.
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Pain+t Damage: Ethanol can cause damage when
spilled on paint finishes.

Dirt Loosening and Pilter Plugging: Th=s akilisy
cf alcohcl to dissolve gum aad 1loosan dizt carn lead tc
rlugged £filters and screeans when alcohol 4is ipitially
introduced.

Rescarch and davelopment is 1likely +%o solvs the
technical problens associated wi+h alcohols. Bszscause cf the
limi+ted availablity and high cost of etharol, along with
Pederal and state sutsidiss for blends contaiaing 10 parcen<
volume of 21lcohol, the primary us2 of ethancl in the U.S.
will protatly be in blends to supplemant rather +hat suts<i-
tute for gasoline [Ref. 20]. The limi+«=d availability and
incompatabkility with s%torage tanks and vshicle compcnzn*s
eliminated alcohcl as a feasible alterna+tive for this study.

C. ELECTIRIC VEHICLES

The larzgest sindle user of 21laciric vehicles (%V1ls)
in the Unit=d States is the U. S. Pos*al Service {Ref. 21].
They cperate 352 DJ-SE El2ctrucks manufactured by American
Motors Ccrpcraticn and provide the best source of user opar-
a*ing and maintenance data. U<ility companies are the
second largest users of EV's (Ref. 22]. EV's have beer
used in Great Sritiar for more than 20 years, primarily as
delivery trucks.

Post EV marufacturers in <he United States

=

kusinesses. Manufac+turars of EV's and EV compcnrne
wide are listed annually in =he Pebruary issue of E
Vehicle News. A survey of U.S. manufacturers -sveal
¢nly three companies, Jet Indus<ries of Sarn Aatonio, Texas,
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Taylor Dunn of Anaheinm, California, and B2Batzrzecnic Truck

Corporaticn ¢f Boyertcn, Pennsylvania are curren+tly marck-

eting EV's. The <recession and 1low <consumsr demand has
cur-ails:d production although =-esearch tc improve EV tech-

,,,..-
[
+

nology continues.

An excellent source of EV overformance daxta is
contained in Blectric and Hybzrid Vekiclss, Ensrgy Technology
Review Nc. 44 published by Noyes Data Corpora=ion. It
summarizes data cn charactaristics, cost, maintsaance, and

TVIYoW
S e

en2rgy ccnsump+ion compiled from track tests, nus3r survays,
and current literature. Data is pres=anted for Zwo classes
cf BV's, thcse designed for persoral use and those designed
for ccmmercial use.

EV performance 4diffsrs greatly £f-om o2rn: vwvehicle *%¢
arother due to +he variety of va2kicla chzsszis, ©po-cpulsion
svs-ens, and components usad. Track and

=

provide consistant comparisons cf vehic
from da*a reported by users.
Noyes Data Ccrpora*tion's performance tests Wwerse

ot

conduc*ted in accordance with ths2 Society 2f Autcmotive
Ergineers Elactric Vahicles Tast Procedures. The *=sts
included mezsurements of range at coanstant speed, range when
operating over pzescribei A4riving schedules, accelera<icn,
paximum speed, gradeability (hill climbing anility), and
brakiag. The driving schedules are: Schednle B - cruiss
speszd of 29 amph, fixed route, stop and go op=sr-atien,

Schedule C - cruise speed of 30 mpk, variable -oute, stop
and go operations, and, Schedula D - cruise speed of 45 mrh,

R

intanded <¢c represent suburban driving patt=aras. The
perfcrmance data presented below is a z2sult of zrack *tasts
and user surveys. Performance da+a for selec*ed vehicles is

presen+ts in Table V. Characteris+<ics ar=s pressrnzad in
Table VI.
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TABLE V
Blectric Vebicle Performance Data

danufactursr Max Speed Range at Acceleration
Vahicle censtant from standing
speed szact to
Range Speed Speed Tinme
Milés nph nEh Sec
AM Ganeral/
LJ-SE Electruck 40 45 30 30 20
Ba+tronic Tsuck/
Minivan 795 69 39 50 30 8
Miaivarn 96 69 30 50 30 8
Vclta FEickup 60 30 50 30 8
Jet Industries/
Lodge Van 100G 55 50 25 50 14
fodge Van 1409 5¢ 50 25 Ne2e N.A.
Ford Ccurier 75C¢ 60 50 25 De@a DN.a.
Elzctrica 55 50 25 ReBe Tea.
Grumman-Olson/
Minivan 5% 43 30 N.2. N.a.

- - D ARG Gn . ARED . P D D - WGP DD G DGR S S D R R D R DR DD R R -y o .

Source: Compiled from literaturs search anrd teleghcns
ingquiry. .
n.a.: Lata noét available

a. BRange

Por almost all vehicles tested, range decreased
linearly with increasing speed. Tests were terminated when
*he vehicle could no longer accelerate to 45 aph in 28
seconds as required by schedule D. At <this peint <he
vehicle is still <£€ully operable but a+ a rsduced accelera-
tion capability. It is estimatad that <Tanges cculd b2
extended ancther 10-15 percent befors overall pec-for-mance
would be seriously impaired. Track data is generally 25
percent lcwer than that <found in <+ha literatuce owing to
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TABLE VI
Blectric Yehicle Characteristics

- Manufacturer/ Number of Payload battery veltage
Vehicle passangers ibs & weights - 1bs
AM General/ a
LJ-SE Electruck 1 670 54,1300
Bat<r¢nic Truck/
Minivan 75 2 1000 112,2309
Minivan 96 2 1400 11272300
Volta Pick 2 1000 112/2300

up
Jet Industries/
Codge Vvan 100
140

er

0 Neda 1000 144,969

Codge Van, 0 Q.a. 1400 144,969

Ford Couri 750 n.a. 750 120,810

Electrica Ned o Lele 144,960
Grumman-Clson/

Minivan 2 550 84,1000

R N G W ERED A S D W YD D RGP D D D D P D wn D S = D WD D D U wp D WD WD Ah D Am A = an

Scurc2: Compiled from literature search and %elerhcne

inquiry.
- Ccn:lgured fcr U.S.Postal Sarvice
: Ncta: ™ All, vehicles had sezies weund DC motors and
led rectifisc chopp---.

3 silicen-centrol

tes< procedures which require *esting “he vehicle a*% grcss
5 vehicle weight and <*terminating wh2an *he accslaration
v criteria could not be met. User ra2sul<s are significantly
low2r and wmore variable due to weathar, hills, driver's
skill, and vehicle ccndition and age. Speed is measur=d in

mph and range ia milzss.
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t. Eneray Ccnsumption

Ths amount of energy raquired <+o mcvs 2t X! cae

mile is dependent on numerous variables. Vehicle weigu- and

a

frontal area, compcnent efficisncies, age of battarie
speed, terrain, temperature, and aumber of stops 2rs all
significant factors. Energy, in kilowatt hours (%wh), 1is
measured at the input side of the charger. Energy dzmand is
measured in Kwh per mile. Energy consumrtion per mile
dzpends c¢n the range achieved per driving cyclz acd “+he
amoun+t of energy requirsd %o rechargs ths ba%terics. The
amount of erergy needed <o recharge *he battzri depe

the depth of discharge and +the efficizncizs o0f <he charger
and fkatceries [Ref. 23].

Noyes Data Corporation conducted -oad <“ssts +o
measure +*he effzact c¢f vehicle weigh%t, spe:zd, resiztive
acceleratior and drivelins efficiency on enszgy croasump:ticne.
Resistive acceleraticn is the sum of tire fric=ion and zaio-
dynamic drag, . and driveline effici
propcrtional to the total loss of 2ner-gy betw
and whe=ls [Ref. 24]. They found the =snergy con
ke prcperticral +o the mass cf the vehiclz anid thsz rzssistive
accalera*ion, and inversaly p-oportional To *hs drivsline

efficiency. The effect of speed on =2aergy cornsumpzion

varied ky vehicle f:zecm little or no 2£ffsct <o suabstant:ial
increases as speed increased. Track 3aza ranged £fror 9.10
tq to 0.28 watt-hour [er mile per pound of vshicls: weigat.
- Field experiencs fell within the range of 0.25-2.50

T Wh/mile-1b. Energy consump+tion in Kwh/mile 33 a func=ica cf
-

b} vehicla weight in pcunds is shown in Pigure 2.1.
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In general, acceleratioa, maximum sgsed, and

g-adeakility were lower than those of converntional vehicles.

Acczlera<ion from 0 to 30 =zequirad 14 to 34 seccnds and
maximum spe<d ranged from 35 to 56 mph. Most EV's can climb

st2cp grades a* slow spe=ds but most vzhicles had 3dlfficualzy
ciimbing more than a 5 percent grade a= 25 mph.
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4. Payload

Personal vehicles ar2 Jesigrned fcz ctly <wo
rassangers with ncminal payload. Comm=rcial vahiclzs have
capacities ranging from 370 +¢ 1770 pournds with mcs*
exczeding 900 pounds.

2. gccmrenents

N
1]
2]
b
0
[o1)
(=
e}
ot
=2
N

The descripticn of EV componen<s s p==
¢zdar in which power flows frox the source *“o ths sisctriic
motor whsre 2lectrical enpergy is convsrzed to mschanical
snergy. Frcm th2 raceptacle, the powsr flows “o the ba*tszsry
caarger, active power battery, m2gn=tic contac%*or, cor+-
rcller, and +he electric mo<+or.

a. Recevptacle

Por small EV*'s <+ha receptacle is a 15 =2mp 125
vol%t, “wo pcle, +thrse wira, grounding =ype T2ceptacle with
attachment plua. Pcr heavier commercial EV's “he recep*acle
ic a 250 volt, 2 pole, 3 wire, groundiang type receptacls and
attachmzat plug ([Ref. 25]. The rsquired power source is

208-230 vol= line, 30 amps, with a 30 amp br=akszc. This is

- €équivalznt “¢ =wo 115 vol: lines and a ground. Th2 rnumber
f% cf receptacles rsquired depends on <ke sizz 2f <he fles= and
E; frequency and length of charging.

E‘ L. Battery Charger

o

E; The bat“ery charcge- is an intagral compcnernt of
;; “he BV syszenm. It gust be coampatibla with the voltag= and
o cuarzent of the =21ectrical receptacl:2 aad -<-he vnltaga arnd
E! acceptance current cf the bat=zary. As a z=zsult o0f the
53 varisty of batztery *ypss arnd voltagss, ganeral-purpcse
g? commercial tattery chargers ga2nerally ars 3c* suizable and
§§ the chargerzs must Le custom da2signa2d <Zor *he individual
L7 ' vzhicles.
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The battery charger may b2 =2ichsc
vehicle cr located at the charging s+taticn. On-board chac-
gers enhance the flexibility of <+the wv2hicle by allcwing
charging at wmultipls locations and minimizs “he <chance of
*he vehicle being stranded away from i%*s charging statica,
but add to the weight of the vehicle.
0ff-board chargers may o2

Ar on-board charger
weighs arrrcxima+ely 115 pounds.
larger and more versatile. Theszs chargers caaz bz prcgrammed
to char-ge when low voltage is ssnse], chargs at presst
intsrvals which keeps the battery warm +harteby <x=ending

2

roe)

tattery lifs, and ccmplete <charging shortly befcrs vehic
us=2.

The tat+ery charger accepts altérnating curran%
from th2 power source2 and conver*s it =0 direct curTten: at
<h2 vcl-age required by the battery. Charging a= a grsa-er
current may caus2 gassing where the battery elactzclyre is
chemically dissonciated in+o hydrogen arnd oxyge a
nscessitates more wataring of -

Gassing fr=qusnc

bat-eriecs. Overcharging may also cause ths batteri=s <o
cverhea*, shortening their iife. Thes voltage required +:
chazge a2 ta*~tery variss over the chargiang =ime, g

decreasing as the ¢c211 nears it3 full charge.
C. Motive Power Batterias

Power to *the motor is supplied from a pod of 6

or 12 wvolt lead acid batterizs connected in <cecies. Th

\{]

vol-age available is a funczion of the number of cells in
Fach £fully chazrged cell has a voltags ~f 2.35
Vol:s. Other types of batisry systems have b22n proposed

+he pcd.

and scme have been developed and +2sted in EV's, bu= none is
commercially available today.
allowing *hem to be discharged to 20 percent and recharged

Batteries are "dzsp cycle"®

without damaging *he rplates.
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s Two “ypes of lead acid batzeris
gv for EV use. The gclf cart battery Is desi
h! tively lcw initial cest, high power, and hi
energy. The industrial battery is desigrnad “o provide long
life and high energy, bus it is heavier and more =xpensive
thaan a golf cart battery.

Battery life is measurzd in discharge <ycles,
tha number of cycles being depandent o1 ths depzh ~F lisc-
harge. A commarcially available golf car= pat<ezy 1as a
useful life ef 350 cycles when discharjsd =c 80-90 v-:zcen-
of its capacity.l 1Its useful life 1increases “o aver 759
cycles when <the derth of dischacge is decreas2d == 59
percent., Indus+trial bat+sries have a cycle life of 7592-2009
dsep cycles [Ref. 26].

The at*tainable energy densi=y (Whr/1lb) is de

%
dent cn *he discharge rate of the batz2ry. The capaci=zy
*ha battery is also <tempsratucs dapendsan=. Lower temrce

+ur2s reduce the capacity of the batzary.
d. Magnetic Con*tactor

A magne+ic contactor is 2an sls3cwrical switch

operated by an electromagnet placed bstwezn “he batzety ani .
' ~he <c¢cntrcller. When op2n, no current Zflows f£-con  tha
g; kattery. The circuit is closed by turning ¢on <hs ignition
:? key or by cperating 3in sequence the 1igniticn key 2nd *he
g‘ acceleratcer.
Li €. Con%roller
k.
- The speed at which “he elzctric motor ~-urzs is
Ei governed ty the contrcller which is operatzd by th2 acceler-
= 2t from

a
ator gpedal. The controller con+tznls <hs flow of pow
a

the batteries *o the mo*or and if reganerative breakirg is

) D D E P W P ap @ epen = wp pen w wn

T YTV YTy

la

Irptzzview with M;. Ccnrad _Weinlein, Globz-Union,
Milwakee, Wisconsin, 1 January 1983,
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used, +*the controller also coa%rcls the znergy flcw ir ths

cpposite dizection. It is designed to provide smooth, ~ffi-
cient, safe, and reliable operations during acceleration and
constant speeds, and provides overload pro*2c:tion *c tha

motor.
Four types of contrcllers are currently us=zd.
1. Resistance typses: A rs2sistor is inser*ted in <ths
circuit which limxrts curr=an=. This methecd is inex-
pensive but causas en2rgy loss. This 1loss is

prchibitive in vehiclss lacger than golf car<s.

2. Voltage Switching 7ype: The starting curren+ is
limi<ed by “he application of a low initial vol:tags
across the moter contacts., As the ro<or gairs spe=4d

succsssivaly higher back electromotive force (zmf) is
generatsd in the armatur2 1limiting the curren=. As
=he accelsra+<r is depressed further, a successivzly
higher voltags is applied <o ths mctor. This me*hod
is rslatively insxpensiva bur Ca2sul“s in jerky accel-
eratien and incrzased maintenanca.

ol:tzge Switching and Resistanc2 1Insert Type: This
methcd ccmbines <he £=2atacss of the abcve zwo
e*hods. A resistor is inser<ed Lbetwesn <h: s~eps
ssulting in smoo=her accelara+ion.

b. Sclid Sta«e Chopp=sr: A s0lid staze control device

ckcps the power f£from “he battery into discrete “ime

blocks. A ligh+ly d=presszd accslsrateor provides
rela*ively widely spac2d 2nzrgy blocks. As <=he

accslarator is further d=presssd +he 2nergy blocks
are spaced «cicser tcgether. This is <the prefered
me+thod of controal for larger vehicles.




Canhe Aie RS Bate DS Sete s d4n S N Slade Bt Sl it Sugh Jint g

.
S

LA 2 o
] '

.rvu-,,_.,

Raradii Chngiir MasuC il e Snaiih el Sk AEFAe teulh JE-RRoiRindu Bhudl 4 i CRL A AN 4 Py vy

£. FEla2ctric Motor

The most commcnly used moter is a di-zct
current, series wound type because of its high <s*artiag
torgque and simplicity. The high star-ting torque may obviats
the need for a transmission. Under heavy loads ths torgque-
ampa2re ratio is higher <+han that of other types which
reduces tattery drain during accelera<ion or while negoti-
azing grades. In a series mo%or the f£ield windings corsis*
of 2 few turns of large croess sac-ion conductors which ars
connsct2d in series with =he armatucr=s. The shurt mo*or
conasists of many *urns of smaller wire which are ccnnectad
*0 3 fizld ceatrcller. Because of the 2xtra shunt windings,

it offers more flexibility and «con+«rol than Ices a serizs

motor. A cumulative compound wound mctor combinss <th=
fzatures of series and shun:t motors. It prevides high

starting t-orque ard dgreater £lexibili+ty in cen“ccel.
Reganerativs braking requires <+he capability %o var the
shuat field current. This raquizes an addi<ional ccntrol
circuit that cannot be incorporat2d in<o a se-iss motcr.
Efforts “c¢ incorcporate regenerative braking into EV's have
resulted in a *rend towards shun+ or coancund motors.

Je. Auxiliary System

Auxiliary equipment, such as ligh+%s, horn, and
heat are provided by a 12 veol:t auxilary electrical systienm
similiar *¢ <that used in an ICE vehicle. The auxiliary
tatzery may be charged in three wvays: f-om the same charger
used for +he mo+ive bat*teries, frcm the aotive batterias
using a <stesp-down oscillatory circuit, <¢r a bel+«-pcwsr
alterna<c: Electric heaters are inad=quate for large EV's
and have been supplanted by petrolaum-based hesaters using
gasolinz c¢r propane.
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h. Regenerative Braking

In regenerative braking, a pecticn of  the

inetic energy cf motion of a vehicle when stopped »~1 slcws

~

is transformed from mechanical =2nergy *o electrical energ
and reintroduced intc the battery. Th=2 benefits of regener
ativa braking are
1. An increase in vehicle range, or, less bat=tery is
required +*o oktain a givsn rangs:.
2. Less energy ccst per mila,
3. PFroloangsed battery life owing to a decrsased despth of
discharge required £c¢r a given range.
U. Less wear cn m2chanical braking surfaces.
A study conducted by ths Nationzl RBat%zry Tsas+
laboratory demonstrated <«hat a 20-30 percaat increass is
range is possible with regensraziva braking [Ref. 27].

3. Advantagss

EV's provide a iabla 2alzernative to pezrolcunm-
depander*+ ICE vehicles. Although procurem=snt ccs+ts 2r-=2 high
relativs to ICE vehiclses, operating costs p2r mile aay bs
l1z3sz depernding c¢n dr-iving condi+ions and the price of ¢l
tricity and gasolin=z

The simplicity of EV's should offer incozazzd reli-
ability and decreased mairtenance costs. Curren=ly, failure
rates in the United States are high but this is attzibu*abls
to the 1lack of ma+turity in +the indusz=:y. Wh=ze EV's ars
well es-atlishad, for example, in Great Brita
ability and maiatainability have been <excellenz [
C-her advantages are decreased noise, and thermal
pollution.
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4. CLCisadvantages

Cecreased range, speed, and payload lesser EV versa-

bcwever, EV's remain suitable for low performance
Acquisition cos*s

significart and not

and batcery r:placement ars
¥

likely to be 2f££fset by lowsr cperating

and maintenance cos*ts. Puzrchase pricas are twice +hat of
comparable ICE wvehiclss and =h»2 us2ful 1lifs cf a ta<<ery
pack is app-oximately on2 to %wo y2ars.

The batteries and <eleciri mO<CIS may Dbresent a

hazard tc
main“enance.

safet perscnnel iaveclved with th=ir us=2 and
Voltages in BV's rang=z from 48-216 volts. Ths
@lctrcly+tes present a possibilis 0f <chemical burmns arnd

tattery ctarging pzcducas explosive hydrogen gas nscessi-

tating addi<ioral verprtilation.
5. Summar

Range, usage rat2, sp=sed, and 1l:ad capacity are less

than conven+*ional vehiclses bur do not Dpreclude EV's from

accomplishirg low performance aissions. They are id=ally

suited for short-range deliverf ot u+ility vehicles with
missicns charactarized by lcw speeds and multiple s=ops. EV
technology will produce substantial improvemaents in perfer-
mance and expand thair mission capatilities.

Acquisition ccsts are high owizg to 1low production
volumes s+emming from low consumer dzmand. Operating costs
may be lcwer for specific

inefficient ICE

cr

applica*tions and when compar=d *c

vehicles. Ensrgy <consump-ion is mirimal

when the driving pa+tecin is characteriz=4 by frsquert stops,
coas*ing, and decelzsra*ion which 4o nct consume

Reg2nera+tive braking returns eaergy to +he ba=tary,

Snergye.
fur-her
reducing operatinzg

costs. Ths simplici<y of an electric

potoT ralati t0o an ICE mo*or should reduce mainterarnce

us
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costs. Failure rates are higher than ICE vehicles bu+ ars
lcw in Grea~ Britain where EV's have long been es*aklished.
The major naintenance expense is associated with lPa+tery

mainterance and replacement Dbutrt research and devslopment
- ontinues to increase the energy dansity and useful life of

¢
..n.

:, kat<

hl EV's satisfied *he measures of sffectiveness fcr low
= perfcrmence vehicles and werse retainzd as a fleasitkle
;: altarnative.




IIT. COST MODEL
Department of Defanse guidelines direct “*ha+ all
resources rsquired tc achieve a stated objective be includad
] ir any economic analysis. The two objectives of +the cecs:t
Q% analysis are to determine the total lifs cycle cost (LCC) of
;; each alternative and determine *he <cos%t ccefficients of the

decision variablas and <he input-outpuz coefficients c€ the
constraint variables in the linsar program. The LCCeslsm=nts

fol]

(]

3

P; considered are the relevant 3invasstmen+, operating, an

3 maintenance costs of <ach alternative over the useful 1lifsz
of the vehicle. Ccsts not considered are sunk costs, cver-

E! head costs, and the cost of stockirng suppor< egquipmen* and

repair parts. Piqure 3.1 is a graphical pres2n+azinn of

cost-guantizy relaticnships.,

= The cost coefficients 3axpress ths rats at which <h=

t
value of +h: objective function or th2 <otal 1lifz cycle ccs:
cf operating a fleet of vehicles incr2ases or decreases as
one additional v2hicla using a particular fusl is addedi oz
ramoved from “he pogulation. The coefficizsnt is egual %o

th2 uni= cost of 2ach fuel +ype.

A. CCST ELEMENTS

1. Investment cests

Invastment c¢cs*s are diviisd 1into two catsgorisas:
fixed costs, which temain constant ragardless o2f the numter
of vehicles using a particula- fusl <type, and wvariabls
costs, which ars2 naniform per vehiclz but vary 3in tctal in
direct pcrpcrtion +o <the number of vehicles. Pixed invsst-
men* cos*ts include infrastructure cost, ins+allaticn, and
training required to support a £lzex of vehicles. The
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Figure 3.1 Cost Quantity Relationships.

relzvant rarge over which these costs remain fixed depsnds
cn *he number of vehicles the infrasctructurs is capable of
supporting before addi+«ional suppor+t <facilities wmust be

add=4d. This defends la-gely upcn th2 size 0f the flee= and
the usage rare of the vehicles. Larger fleets ard higher
usage rates require more refueling and 2dditicnal supper=
facilities, Ia actuality <these «costs ars semi-fixed,
increasing in a stegpwise fashion as *h2 =2umber of vshiclas

exceed “he capacity cf the supporting 3

frtastoucturs. These

g g
At T
H

r:

. cos=s Wwill te descrited futher whzn <+the cost of each al:zer-
native 1is addressed. Variable in r~ co3ts incluie

v
vehicle procurement, conversicn kit pr

o

€
ocurexent, and salvags
Proc

value. These costs are nonrcecurring. Tocur2ment COSTS are
assumed to be incurred in year one aand salvage costs in *he

final year ¢f the life cycle.

T

Vehicle procurement costs az2 represen+ted by *he
; average purchase price of vehicles purchased by the Gzneral
Services Administration for <+<he ¥Navy. They are 1list=d in




the Automective Commodity Center Monthly Cus=omer Agsncy
Rsport which is a cumulative listing of vehicles puc-chased
bty vehicle +yp2 for the PFaderal governm=2n=. Purchase prices
by vehicle ccd2 are listed in the Transpcrta*ion Equipment
Descrip+ive Reference Pile Listing. Por vehicles utilizing

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

plus the cost of tha conversion kit nacessary to convert to

CNG. Frocurament ccsts for EV's =caprasent *h2 average
on

purchase prices of vehicles that will asst raquire-

nh v

ment<s and were obtained from EY manufacturer

2. Crerating Costs

cperating costs consist of aannual fu2l costs and are
detarmined ty th2 pcice of fuel, vehicle 2=fficiency, and
arnual miles traveled. The price of fuz2l is wm2asured in
dollars per gallon c¢r kilowa<t hour and vehicle sfficierncy

is measured in gallons per mile or kilowa*t hours per mils.
3. QMaintenance Costs

Maint2nance costs consis+t of preventive and ccrocec-

+iv2 main+enance performed on the engiane and drive <rain.
Included are all mairtenance costs reported cn the Operating
Budget/Expense repor+* which iacludes the cost of oil, spark
Flugs, filters, and replacement parts and compornents. They
also include maintenaace con“racted *o outside activi+ies,
Main+enarnce costs €fcr CNG are 13 reducad percentage of <he
ccsts incurred for gasoline vehicles. The percentage factor
is ~he savings in maintenance claimed by CNG manufac:urers
and usercs. Maintenance costs for EV's are computed sepa-
rat2ly and are a funtion of annual milss. They also include
the pericdic replacesment of battery packs for EV's.
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Maintenance costs ars difficult to measurs becauise
accounting rrocedures do 1ot allow for distinguishing
preventive from corrective mainterance. Mairtenancs da<a for
CNG and electric vehicles is inconclusive becausz reccrid
keeping is 1inconsistent and incomplete, and manufac+turers
are inclined +o advertise <+hs best case as cppcsed t=o
average maintenance costs. There is a good deal of uncer-
tainty associated with maint2nance costs but the Jifferencs
k2tween alternatives is sufficiens o warran= —hzir
considera%icn.

If an alternative is not included in <he final solu-
+ion the fized ccsts would ke zerc and a discontinuity would

exis+ a+ the origin for the €fix=2d and “o=zal cos:t curves.

B. LIFE CYCLE CGQST

Lif2 cycle costing is based on *“hs economic life cf <*he
vahicle. The ecoacmic 1lifs 2xt2ands through the period
during which +he vehicle is <capabl2 of performing its
assigned mission. Arnual milsage and przvsntive mainterance
weigh heavily in detaraing the useful lifs cf the ©pcuwer
trair. Environmental factors may cause thé body *oc detario-
rate Lkefere +he engine does. Delays in prograaming and
acquiring replacements may requir2 a command t5 @meintain a
vehicle well beyond <+he point wher=s it makes prudent senss
to dc¢ so [Ref. 29].

Activities report annually to their Transpertatiorn
Equipment Management Center (TEMC) +<h=z projected mileage of
each vehicle over the next <+hree years. Using life =zxpec-
tancy riteria in NAVFAC P300 Appendix C, ths TEMC's
determize hew many vehicles will reguirs zeplacement and
grogram that number into the procur2ment cycle. Public
works personnel determine which vehicles to dispose of when
new replacements are racaived. Age ardi mileage sxpec*ancies
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for sedans and ~rucks undar on2 <=on 2re 6 ysars ot 72,300
miles. In addition to ths age or wmilszags crizer a
vehicle is eligible for r=placemant wnen the cos* c<f repair
exceeds 50 percent cf the pra2sent wholesals valus of the
vehicle as determined from compu<ational factcrs prcvided in
NAVFAC P300, Appsndix C. With a two y=sar plannirg, fprogram-
miag, and budget cycle and an addictional y=ar fcr GSA to
purchass, receive, and deliver vehicles, ar additicanal <thres
yeacs may elapse befcre a vehicles is finally replzced.l For
tkis analysis <+he life cycls was Dpassd on a *an yeac
economic life, an artitrary but suitabls pericd. Toils also
correspeonds to the life expectancy 9f EV's claimed by EV
manufac*turers.

C. DISCCUNT RATE

P-esent value techniques ace ysed tc disccurnz fu-urs
cash flows %o present value, DODINST 7041.3 recomasnds 1
disccun* ra<e of 10 percent in ccmparative cos*t 3studiss of
gensral purpose real propertizss. This rat2 incocrporates
intzrest cost, investment opportuniii

1b
n
h
(o]
H
[1}]
O

one,
82 dcllzazs were

3 percent inflation s+tabilizer. Constant 1
aians uniform con+i-

used in +his analysis. Tapls VII con%
nuous flcw discount factors for singla ys2ar and cudulazive
uniform flows a+ 10 rgercent.

srvizw with Mr = Bob fshbz
<ration, San Prancisco, Califol
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TABLE VII
Discount Pactors at 10 parcent

Froject Year Present Value cf $1 Present Value cf $1

Single Amount Cumula+tivs

AN T, e
PN o e

Uniform Series

1 . 954 .954

yi . 867 1.821
3 . 788 2.609
4 « 717 3.326
£ «652 3.977
6 «592 4.570
7 .« 538 5.108
€ . 489 5.597
S . 445 6.042
10 . 405 6.447
11 . 368 6.815
12 334 7.149
13 « 304 7.u453
14 « 276 7.729
1S . 281 7.980

Sourcz: Department of Defsnse Ias<ruc=ion 7041.3,
18 October 1372,

‘e kS,

i _Tz.r'r;r NP |
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C. GASOLINE

1. Investment Costs

Pixed investment costs for gasoline-powered vehicles
consist of underground storag2s tanrks, fuel pumps, and
distribution systenm. These ars treatad as sunk costs and
not ccnsicered in the analysis.

Variable investment costs consist <f *he ©purchase
. price c¢cf the v2hicle less its salvage value. The FACSC RPT
&i SYM/NC 11200/P825 AEKQ2 provided <he curreat unit purchase
3 price of vehicles by equipment code and family designator.
The average purchase price of the seventy “wo vehicles a*
NPS was de+«ermined from the unit price and frequency of

cccurrence for <sach equipment code. A weighted avecags
purchase price of $7,600 was deta2rmined.

The salvage value c¢f a vehicls is dependent crn its
age, mileage, <condition, <type, inflatiocn, and consumer
demand. Historically, <he General S2arvices Administra<ion
has recoversd 25 percent of *he purchase prics of sedans and
30 vercznt of two wheel drive light trucks after approxi-
mately 72,0C0C miles. This figur2 applies *o all Fedsral
agencies in California, Arizona, and Yevada. The Defesnse
Froperty Disposal Office a+« Fert 0Ord, California is recov-
ering 25 opercent of acquisition costs on Army sedans and
light +trucks after approximat2ly seven years or 100,000

giles. The Defonse Proper+ty Disp Office at Naval aic

taticn, Alameda, California 2stima<sed thLe average salvage

- value of sedans and light +£rucks aftsr ten yzars and 60,000
- miles a“« ten percen+ of acquisition cosct. Thes=z character-
*i istics corresponi to the projecte2d agzs and usage rate cf +hs
p— - _a

vehicles used in +his analysis, ths -2n percen* was

W

used as the salvage valus

PWTTITTTITTY
.

R
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Annual fuel costs eaqual +the annual gallers c¢f gaso-
line consumed maultiplied by zthe price per gallorn. Araual
fuel ccnsumption is the product of the averags annual miles
and the average fuel efficiency of the flee*.

The average annuwal milas for <he ¥WPS fleet was
cbtained frcm <the Equipment Usage Racord 12ND NPS 11240/1
2/77). Puel <officiency was obtainzd from <the Orpsras:ing
Budget/Expense Report by dividing the annual miles by <he
acnual gallons of fuel coasumed £for each cost account code.
The average annual miles for +the seveaty two vehicles was
5,928 and +t+he average fuel 2£fficiency was 14 ailes per
gallon or .071 gallons per miles.

The price of gascline was obtained from *he Ncvemtbar
gasoline Eill. The State of California refunds <thes stats
gasoline tax of seven cents per gallon for gascline consuped
cn Federal installatiocns. The psrcsn+tages 0f »n-base usc was
obtained from th2 Monthly Gas Sheets and averaged 20 rercszn=<
for the vehicles in the study. The p-ice of $1.19€ was
cbtainsd by taking a weightad averaga of <he price pai?

tefore and aftar taxes ware -emoved.

3. Main*tenance Cecsts

Freventive paintenancs 1is psrfcrm=d1 a+t <T=zgulaT
int2rvals basad <oither on mil2ag2 or on a spzcifiesd <ims
period. Preventive rmaint2nance is prsdictablzs over thz 1life
cf the vehicle, increasing only as zhe price of ma=2zial and
labocr increase. Corractive main*t2nanc2 is unschedul=zd , a-
or near zerc during the warranty period and increasing over
<he life cf *he vehicle as components bsgin <o fail. Tczal
maintenance costs wculd expect o 1increase as <the vzhicle
agas.
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Unfortdinately standard govarnmant accounting proce-
dures do no< identify preventive and corrective mainrtenance,
Racords at the activity laval and daza accumula%*<sd by the
General Services Adrxinistration only r2flect <wotal mainte-
nance costs, number of vehicles, and number <c¢f @miles
traveled. A reasonable assumption is that the averags age
of a fleet, particularly a 1large fla23¢, remains fairly
constant as new vehicles =ar> addesd and o0ld vehicles
salvaged. To*al fleet maintenanc2 costs, therefore, can be
expected +to be fairly constant.

Annual main*erance cost per mile for NPS was derived
from +he Operating Budget/Expsnse Repo-t. To*tal maintenince
cost and total milcage for +*he cost account codes aunder
consideration were summed and divided <o cbtain a ccst per
eile figure. This was done for fiscal years 1978 through
1982. The unaljus+ed automotive maintenance <repair iadex
for all urban consumers was used to infla*e p-ior year costs
per mils +¢ 1982 dollars. The adjusted figures wers: aver-
aged to oktain a cost per mile of $0.032.

4. ces

Modsl

Th2 total LCC procuring, cpecating, and maintaining
cne gascline-powered vehicle is:

TC = F_ 4+ PV (Mix ((P Xn) + ¥4)) - PV (S) (3.9
U v 1 GAS
Where:
TCU = Total unit life cycle cost.
Pv Variable Frocurement cost.
B = Price of gasoline.
GAS .
Mi = Average annual wmiles.
M = Mainténarnce cost par mile.
S = Salvage valuse.
PV, = Prasent value factor for equal annual
i cash flows for i y2ars. 1 eguals the
nunber of _years pér lifa cy¢le,
PV = Pesent value factor for a_Single cash flcw
in the final year of the_ life cycle.
= Vehicle efficlency in gallsas per mile.
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The +*otal LCC for procuring, operating, and m2in-
taining a fleet cf gasoline-povered vehicles is:

TC = n(TC ) (3.2)
4 U

Whera:
TC

F
n

Total fleet life cycle costs.
number of vehicles in the fleet.

Fer NPS, the net present valu2 of th= =otal LCC fos
one vehicle was $11,760. ' The net prasan%t value for a fleet
of 72 vehiclas was $846,720.

E. CCHPRESSED NATURAL GAS

There were a numker of CNG systams available with diffe-
rent cperating characteristics and pricas. Having a service
represantative in clcse proximity to the vehicle fl2e+ and
the cost c¢cf sending p2rsonnel *o <+the Qdistribu%+cr for
trairing wculd faver conducting business with a 1local
company. Dual Fuel Systems, Inc. of Culver Ci*ty, Califcriaia
was +the only distributor in California and guec+ed 1lower
prices than +*hs next closest distributo- ia Colcragdo.
Urnless ctherwise ncted, their data were used ia <*he
aralysis.

1. Ip¥sstment

CcSts

i)

Fixed investment costs consist o0f the compresscr orc
compressors, cascade system, rafueling aozzlss, installa+-ion
ard training. The cost c¢f the compresser, cascade sys=en,
and nczzles was $39,000. Tha compr2ssor- was capable of
supplying 45 gallons of CNG per hour or 270 gallens in a six
hour day. For the vehicles in <this study a complete refu-
eling required S gallonms. The maximum capacity of <+he
compressor was nine vehicles par hour or 54 vehicles per day
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assuming six hours of coatinuous operations. One ccmgressor
was ccnsidered adequate for the NPS. Additional comg-zssccs
would cost an additicnal $23,000 each.

The cost o install <the system and connect the
compresscr to a source of electricicty and natural gJgas was
estimated at $5,000 by the Colorado distributcr.

Training was considered a one time cost. Trainin

U Y e]

was provided by the manufac*urer free of chacge, howevar th
activity would have to pay for +ravel, per diem, and ren-<ail
car. Training costs, based on seading tWwo <employeas tc
Culver City, Califcraia for two w2eks werz $3,100. Ths
total fixed investaernt costs ware 347,100.

Variable {nvestmert cosis consist of vahicla
procurament, conversion kit procurement, and salvage ccsts
The vehicle procurement and salvags wer2 the sam2 as thesz
for gasolins ICE vehicles. Th2 convarsican kits cost 31,175
rer vehicle. The useful life of tha kizs, the gas cylindszrs
'in particular, ex*+2and beyond the useful 1lif2 of ths vakicle
and may be transfered from one venicle to the rex* as vshi-
cles are salvaged but their exact 1life cycle
documented, and £or the purpose of <+his analysis, wvas
assumed +c be <the same as that of “h2 vehicle. The <=otal
variatle investment ccsts were $8,775.

2. Cpezating Cos:z

number of
of CNG and
gasolinz, and the efficiency ~f *he vehicle »n 2ach €fuesl.

i

Cperating ccsts are a function of +h:
e

0

miles driven on CNG and on gasoline, <the pric
Addi+ional ccsts are incurred 4o operats =he compressor. It

3

¥‘ vas assumed <tha*t a vehicle would operat2 on CNG until “he
= supply of CNG was exhausted and then switch <0 gasclire for
3

“*he remainder of the day. A vehicle with tvo CNG cylinders
containing five gallons of CNG and avaragirg 14 apg could

travel 70 wmiles per day or 16,800 annual miles. Annual

1




mileags2 a+* or below 16,800 would be <costed using CNG and
annual mileage above 16,800 would be costed using gasclire.
The average annual mileage a* NP3 was belew this 1limit so
the tctal ccst reflects CNG us2 only. In ac*tuality, the
daily usace rate is rot uniform. Some vehicles would travel
teyond +“he range of CNG necessi*ating the use of gasclire
The price of $0.48 ©per tharm for natural gas was
cbtained €from the most recent gés bill frcm Pacific Gas 2and
Flectric. A therm is egquivalsnt to 2n2 gallon. The cost +
operate the compresscr was quo+ted at zine cents par gallonm
and added to the cost of na*ural gas. Veaicle eff1c1ency
was assumed to be the same as tha% for gasoline-powzrad

vehicles.

The State of California reonirzs an aanual cperating
cermit for each vehicle operazirg o natural gas. Ths
permit fee was $36. \

3. PFziptenance (Costs

Maintenance ccs«s ar2 best measured as a psrcantag=
savings over mainterance «costs incurzed by a gasolines-
powerasd vehicle. The most <angible savings a-e reducticns
in *he maintenance intervals for oil, - £iliters, and spark
plugs. However, car warranties may dictate stecific mainte-
nance intervals preventing these saving. Savings resulting
from 1leoss sngina2 wear may be r=2alizsd because of fzwer:
carbcn deposits but are less quantifiable. The maximum
tenefi+ would be obtained from a vshicles that had been cper-
ating exclasively on CNG. This vehicle would -equirs fawer
engine repairs and have a longer sarvice lifs because i+
would nc* have been subjected to carbon deposi<s frcm gaso-
lins use.l

11 nteﬁysz with Mr. James McCord, Cogg*nssed Na<ural G%%
éCNG)tVe e Equlpmant Company, Ft. ins, Colorado,
ecemter
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A survsy of automotive parts sales aad auz¢c repairs

Ty

arnd service conducted in 1972 indicated that spark rlugs,
filters, and greas2 and oil comprised 2lever percent =

Lared

market, Parts sales. directly relatad +o the engina
coaprisad 44,34 percent of the marke= (Ref. 30].
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Expendi+ur2s orn gasoline-powered vehiclas for angine related
repairs ard services that would be affacted by CNG wers 39.5
percent c¢f %“otal repair and servics costs. A General
Services Adwministration study c-2ported a 37 percent savirngs
in engire~-r<la-ed maiptenance.
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FPive CNG users were sucvey2d by vslsaphone +¢ 33tec-

mine actual savings. Their combinzsd fleet sizs was
approximately 300 vehiclas, th2 average fla3* size was 60

v2hicles, 2and +tha averag2 time i1 service was <wo years.
Two users had nct extended +thair servica intervals due %o
car warran+ies, Three <rTeported savings as a resuls of
ex+2nded service intervals. The Boeing Company in Sca*tle,
Washirng“cen reported a 30 percent savings in mainternance
cos*ts, Vehiclz service life had been ax+and<d from 80,000 -
80,000 miles -o 190,000 - 125,000 milss although <+his vas
due in part =c the depresszd 2conomy. The majcri-y stated
tha< main*snance ccsts wers clearly =c-sduced if sescvice
intarvals wsrz ex=-ended but more data wer2 ncseded befcre
they cconld guantify the savings.

While CNG systems manufacturers claim 50-60 percsnt

savings in mantenancs costs, market research and user exper-

\A-> . . -
. I AL S

- ience wculd indicate it is considerably less. The actual
?‘ savings in @maintenance would depend on the age and usage
j? rat2 of *he fleet and a priori estimates would be vary
Eg subjective. Unceortainty in +“hese estima*es can be evaluated

by using sensitivity analysis. An op=imistic estipats for

-

¥ .,

v
)

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

PRCRNCINY

rvy

maintsnance cos+*s or approxima%ely a 15 psercen:t <savings

fac+cr.

AR
.
'
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4. Cost Modsl

The total LCC for ©procuring, op2rating, and main-
taining cne vehicle ccnverted to CNG is:

TC =P <+ 3.3
0 v (3.3)

PV ((Mi xnx P + Mi xnxP )+
i CNG CNG Gas GAS

Mi ui 1-s) (M
ML gq b 85, (179 (I +

OF) = PV (%)
Where:
Total unit life cycle cost.
Variable Procurement cost.

3
(a]
(=]
Hnon

<3

Price of gasolin=s.
GAS

Erice of compressed natural gas.

g
=z
(2]

traveisd on CNG.

i
_CNG

GAS

Average annual miles
Average annual miles travelesd on gasolirs.

[

Main*enance cost per mile.
Maintenance cost savings factor.
Salvage valus, ‘

Annual operating parmit fee.

Fras2p* valu2 fac*or for squal annual
cash flows for i y=zacs.
Pesant value factor for
+he fianal year of the 1
Vehicle sfficiency in g

.l.

< <m

3 o vounnx = =X 'v g o

.a
b
1

L N8

o
®
.

The total LCC for procuriang, operating, and main-
taining a fleet of CNG-power2d vehicles is egual to <he
fixed inves~ment cost plus the variabl2 cost mul+iplied by
the numkter cf vehicls=s.

LC TC =P + n(TC) (3.4)
' F F g

Where:
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. TCF = Total fleet life cycl2 cost.
o . = Fixed procurement cost.
E! n = Number of vehicles in the flaex.

o Fcr NPS, the net prasent value of ths “otal LCC for
i. cne vehicle is $11,2¢&4, The net pres=ant valu2 fo
¢cf 72 vahicles is $859,692.

Ty
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F. ELECTRIC VEHICLES

Electric vehicle manuafactur=zrs are £sw and *a<eir nurbers
ce

are dwindling, There exists a wide divergern in cost data
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landing lit+le value to an industcy averzage. One manufac-
turer was chosen on th2 basis of current availability of
vehicles 2nd the lowest procurament cos=:.

[yl
’

fﬁ Battrcnic Truck Ccrporation c¢f Boyertown, Pznnsylvania
:% manufactures two minivans and one pickup truck <+ha<t could

ii raplace lcw performarce sedans and trucks. Perforamancs daza
AN and charact=sristics are displayed in Table V and Table VI.
f} Costs used in the follcewing analysis pertain to *hese
" vehicles.

1. Ipvsstaent Ccs:s

All three vehicles c¢f Battronic Truck Cerzoration
had purchase prices cf $15,950. The puc-chases price included
a two moduls, 112 volt, indus<rial-<ype ba<=ery, and an
cn=-bcard chargsr.

The salvage value af+er ten y=2a:-s was Jquoted by <he
sal2s representa*ive at six percent of the acquisiticn cosz.
This was derived from th2 current marka%t value of “he 1lzad,
copper, and iron scrap in the vehicle.
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2. Cperating Cost

I

Operating ccsts wvwer2 quoted a+ 1.5 kilowatt-hours
per miles based on data collect2d from EV users fcr bcecth
winter and summer driving. This is a2 consarvative figure
r2lative to data collect=d on other types of EV's of similar
veight, and should be easily attainablas.

The pricz of on2 kilowatt-hour paid by NPS was
$0.0706. The averagz annual mileage of vehiclzs determined
to be low performance was U4 097.

3. Maintenance (cs:s

Tte simplicity of tha electric motitcer rela<ive =¢ <he
ICE shculd result ir 1lower maintenancs costs. Sixty-twce
Farcent cf maintsnance costs for conventional cars ariss in
+he engine and its fuel, ignitica, <cooling, and exhaust
systens. Maintenance costs for EV's were estipated at 38
percent ¢f the maintenancea costs for ICE vehicles. The
reducticn tc 38 percent reflacts <he elimira“ion cf acst of
the pac-<s and labor requirasd by <he ICE, waereas +the elec-
tric motcr and contronller ra2guirs Llittles or no secvics
durinrg %“he 1ifs of the vehicle [Ref. 31]. Howevar, zdd4i-
tional maintenance cecsts are iancurrad *hat ace unigue tc
EV's.

The major expense is associated with <=he 1lato:x
involved wi+h battery chargiag and maiatenance [Ref. 32].
This is supported by maintenarca da“<a colilec*ed by the 7.S.
Fostal Service. Data collzct=2d from +h2 Departmsz* of
Energy's Electrzic and Hybrid Vehicle Deamcns<rza-ion Freoijecw
show *ha+t about 75 percent of the maintenance cn EV's is
tattery-related preventive main<enanca: waterin c=1l1ls,
cleaning *erminals, and “ight=2ning connactions, and consunmes
about 1-1/2 hours avery two weeks per vehicle. Ba+tzry
replacement is a majcr -ecurring expens=2.
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The rattery used by Battronic Truck Corporaticn was
guarant2ed for 750 cycles. One cycle per day, 240 days rper
year, wculd rrovide a useful life of three y2ars. Ba*teries
would require replacemen:t in years four aand seven of the
life cycle. Replacement price for the battery pack was
$4,800. The scrap value, based on a current market pricz of
lead cf $0.22 per pound. was $506. This was “reated as a
Teduction of the battery replacement cost.

Material and labor maintenance costs weré quotsd by
Baftrcnic Truck Corporation a2t 3$0.08 p=2r mile.

4. Cest Model

The total LCC for pvocuring, operating, and main-

taiaxing one EV is:

TC =F + PV (4% x (nx P + M)) + (3.5)
U v b Kwh
Pva (B) -~ PV(S)
Where: ,
'rCu = Total unit life cycle cost.
Pv = Variable Procurement cost.
Kwh = Price of electricity.
w
Mi = Average annual milas of traveled by EZV's.
) = Main<érance cost.
S = Salvage valae.
PV, = Present value factor for =2qual anuual
i cash flows_ for i yesars. ) .
EVa = Presen+ value fac*for for +h2 year in which
battery replacement occurs.
B = Pattery replacement cost less salvage value,
PV = Pesent value factor for a single cash flcw in
the final year of the life cycle. .
n = Vehicle efficiency in kilowazt-hcucs per mila.

The total LCC for ©procuring, operazing, 2and main-
taining a fleet of EV's is:

TC_ = n (TC 3.6
P ( U) ( )

Where:

'rcF = Total fleat life cycle cos:s.

n namber c¢f vehicles in the flce-=.
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For NPS, the net present valus of the <tst3al life
cycle cost for one electric vehicle is $25,863. Tas ne+
present value for a fleet of 35 vehiclas, *he maximum nuntar
vehicles determined to be suitable for replacemsrt wi<h low
performance vehicles, is $905,205, compared *“o $411,600 for
thicty-five gasoline-powered vehicles.
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A. THE BATUBRE OF THE LINEAR PROGRAMMING PROBLEM

linear yprogramming is @a mathamatical +%col for deter-
mining the optimal allocaticn of an orgeanizationt's limi:aqd
Iesourc2s amony compe=ing 3emaanlds. It is characterized by a
linsar okiective function prefirxed by prefit or loss coesffi-
cients, The objective function is <eizher maximized or
minimized subject “c¢ 1linear constrain+s which define <hsz
arsza cf feasible solutions. As witk all decision models, it
is an aid =c¢ %hz decision makzr 2ard is not in*2nded o0 bse
the sclz tasis fcr a decisicn.

The simplex methcd is an iterative process for sclving a
linear prcgramming prcblam. Tha search begins at the origin
where a +t3st for optimali+ty dst2raines if the value cf <=he

U

objective functicn can be increased (for maximizaticn grchb-
lems) Yy mcving to an adjacset corner point c¢f <he f=sasikle
area. The rrocess ccntinues 4n=il no £fur+he- imprcvemen+t is
possitle.

Cemputer sof<ware is available for solvirg the linear

ETogranm. An International ¥athematical and Statistical
Library (IMSIL) routine was used ip this arnalysis.
1. Gsperal Characzeristics znd Iecminclogy

o A linear programming problem is composed ~f:
o Decision vaz-jablss: The variables whos2 valus is unkrnown.
gi The variatles represent the proj2cts or alsernatives and th=
&l value is the quantity included in the final sclutilorn. They
FQ are usually designated by X1,X2,...2%tc.
2
:‘.:.
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f
which +he value of <the objective funczion increasszs or

decreaszs as on2 unit 3is added c¢cr <z2moved frcm +hz final
sclution.
Obiecxize functicn: A mathematical =2xpres ior showing the

linesar relationship between <the dacision wvariables and a
single gcal or objec+ive which is eith2r minimized when <ha
d2cision vaciables are prefixed by cost coefficients, o=
maximizzd when the decision variables are prefixed by cprofi+
coefficients, The <cbje2ctive function is a measureman+ of
effectivensess of goal at+ainment. The valus of ths otjec-
“ive funtion is represanted by the variables z.

corstraints: The censtraints represent <“hes limited avail-

abili+y cf resources or specify <he ainimum Fprcjec*
requirement in the fipnal solution. They linmit +he maximum
cr ninisum value of +*he objective function. Constraints may
ke exrresszed as lin=ar equalities or inequali-ies.
Constraints consis*t cf input-ou<put cosfficiznts wriz<en on
the lef<-band side cf the equation and capacities wriiten on
+he right.

Input-outpu= efficienss: The coefficients rprefix +*hs

i}
dzcision varciablas and zxpress *he raze a%+ which a rsscurce
is utilized or depleted as cne uniz of a dacision variables

i3 added cr dele+ed from the final solu*+ion.

Capacities: The availabili+y of various rcesources exgressed

as an upper limi+, lcwer limi%t, or iazquali+y.

Nonnegazivity: Only nonnegative values of the decision
variaklas are alloved in the final solu=ion.
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2. Assumptions with Linear Programmi=zg

Certainty: All data associated with linsar programmirg is
known with <certainty. Sensitivity analysis provides scm=s
leeway in dealing with the certainty assumption.

linearitv: The unit costs and input-outpu*t cosfficierts

change linearly with volume. They are unaffected Lty changes
in quantitics prcduced or purchased.
Nonnegativity: All decision variablss are required tc +taks=

(1Y)

ivity: The total utiiiza*ion of a r2source is ds<sro-
Yy summing that portiorn of the resourcs corsumed by

b
each alternative.

Divisikility: The decision variabizs ace continuocus, <ha<
is, *hay can take any fractional value. In this prcblsm

fracticnal values are inf=2asibla bu- iz will k2 assumsd =ha=
rounding o +the nearest whole valuse will not al%ter =-hz cp*ti-
mality of the final solu*ion.

Indeperdencs: Completa independsnce Axists amsng altsraa-

tiv2s and resources.
3. A Product Mix Example

A simple product mix problem will be used *c illus-
trate lipear prcgraeming. Two products, A and B, withy
profit contribu+ions of $25 and 3$30 cespectively, mus*
compete fcr three limit=24d resources. Eighty hours cf lator
time and ninety hours of machine <im2 aze availatkls sach
veak. The manufacturer is unable to marke* more +han saven
units c¢f procduct A each week. Product A consumes 8 houc-s of
labor and produc+ B 10 hours. Product A coasumes 13 hours
¢f machine +time while product B consumes 6. The ccnst-
raints, wri<ten as linear functions, acs:
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Labecr hcurs 8A + 10B £ 80
132+ 6B £ 90

1A+ 0B ¢ 7

Machire time
Marketing

variables A apnd B
Ths

Sclving for the
yields the A and B inteccepts.

in each equa*ion
constraints are plotted

2 = 25A ¢+ 30 B

Pigure 4.1 The Product Mix Problen.

graphically in Pigure 4.1. The area bounded

defines the feasible area in

te £cund.
The objective is *o wmaximiza profit which i
sent2d ty -he variable z. The objzctive Zunction is

Maximize z = 252 + 30B

by 0-C-D-E-F

waich *hs optimal soluticr ray




The slope of the objective function is an isoprofix
linz. Star+<ing at the origin the value of z is increased by
goving the isoprofit 1line away from the origin unti iz
intersacts the point oan the boundary of the feasible area
where prcfits cannot be increased without exceeding one or
mor2 constraints.

Thrse dimensional problems require consijeratkle
effort =c¢ sclve graphically. With fcur cr mors variables i<«
is impossitle. Llinear programming us=2s an iterative prccsss
to analytically evaluat=s all corner points defining +the
feasiktle region and test for cp<imalitty.

4. Cap:ial Budgeting

A widely used heuristic method for alloca<ing a
limized cagpital budget is th2 aet p-esent value m=thod
proposed by J. H. Lorie and L. J. Savage in 1955, A firm is

ske th investing a fixed amount of capital in a number
cf possitle projects with known cash flows. The ccst of
capital is assumed tc be known and indzpandent ¢f inves<mzan*
decisicns. Cash flcws are discounted to prsesent value and
projects ace raaked in decreasing order of ne+-gra2sent-
valusz-*o5-cost ratios. Projects are selected from the tcp of
the lis% un<til <he available capital is exhaustad.

A rproject with a high net-prssent-value-zo-ccs=:
ratio may be of such magnitud2 that it sxcludes the possi-
bility o¢f selecting multiple smaller projects <that nmay
result in a larger net present value for tas firm. This
method fails to consider capital limitations in irvestmen*
periods teycnd the present except +through a “rial and errcor
analysis of combinaticns of projects. It also dc=s 2a0*
consider any surplus capital that c¢ould be utilized for
additional grojects.
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He Martin Weingar<tner, in 196 2, cas< ~ha

lorie-Savage problem in a linear progran. The present valus
cf each alternative is evaluated in a 1linear func*ion.
Although in<eger prcgramming methods may be used to deal
rigorcusly with the indivisibility of investment projecis,
the excassive compu*tation tim=2 producas only szlight imprcve-
ments over the linear program approximation. The capital
requirements of each alternative and the capital ccrstraint
for each year of the project are also repressnted by linsar
functions. The objective is to choos2 the al+ernative or
alternatives that maximize *he ne+t present valua wi*hcu=*
violating any budget constraints up to a szpecified horizen.
Restricting the upper value of each rroject in <hke final
soluticn to unity ensuras that only one c¢f any prciject is
included irn th2 final solution. Proja2cts with a valus of
one are selected [Ref. 33].

Jechn J. Clark, et al, formulat=d a set cf heuristic
decision rules fer accomodating <£ractional values. If the
value ¢f <he project was between 0.30 aad 1.30, tha firm
would pcoltatly s2ek additioral funding for “~he project. A
value Ltkestween 0.30 axd 0.80 may warrant a join« venturzs with
another firr. If the value w2as 0.30 or less the precject
would prckakly bs rejected [(Ref. 34].

B. THE FLEET MIX PRCBLEM

The fleet mix prcblem has characteristics of the prcduc+
mix and capital budgeting examples. A mizx<ure of highk and
low perfcrmance vehicles can fulfill the wmissicn requica-
ments of an activity, but opera=iang budgsts and capi-=al
requirements must also be ccasider=ad. The techrnique of
selecting the fuel type with the lowes:t ne* present value of
costs may nct always be the optimal solution because; (1)
the fuel type with the lowest %fotal cost aay zo* be feasible

70




.
£

¥

bl % semi it

T,

e

for high performance vehicles, (2) a £i2l <ype P2y IZe&su
lover operating and raintenanc2 costs but +he invsstiment 214
conversior costs n

may excs2ed »procurem2nt budgets, a

combining two fuel types may result in a ns*< pr
cf costs greater <han that of operating v
due tc the fixed investment ccst which mus% bz 2dded tc the
total variable cost.

The &©®Eission requirements of an activity (ictate the
number of les ~ha~ cas: bz in
the final

vehicles with annual usage ra*ss

high cr lcw performance va23hic
sclution. The Equipment Usags 2Reccrd indicates

and daily opera<i
thazt exceed the limit for 1low performances vahocles estab-
lished in Chapter II.

used to

A listing of vahicles ¢n-board can be

fdentify vebicles with load capaci‘y -zgquirements

that excesd the 1limi% established for low performanze vehi-

clas, The fleet managers must make a2 subjective 3Jecision
tased on mission assignmeats as %o how «&winimna acceptabls
spe2ds affect vehicle classification. Fecr =xample, a

cequirement for extended highway use would preclude asign-

men+s as lecw perforsance vehiclas, 0f the 72 vehicles a+

the Naval Pcstgraduate School, 11 vehicles had arnnual usags
ratzs over 11,800 miles, 26 vehicies had minimum load capac-
thersforz 37 vehicles werae

i<iss over 1400 pcunds,

classified as high performance. The remaining 35 vehicles
were classified as lcw perfcrmancs. A2 analysis of indivi-
dual vehicle requirements and classification bassd c¢n spead
cr highway use was nc% consider=z4.

The protlem is fcrmulated “c *ake into account an activ-
(O&M,N) and O<her

At 2 minimum, OP,N is an

ity's Orerations and Maintenance

Frocurement, Navy (OF,N) budgets.

estimat2 ¢f the amount the General Szcvices Administra<ion

has tudge+ted for gasoline-powered vehicie procurement.

Erocurement dollars fcr vehicle convaersion to CNG aecd no+

criginate from within an activisy if ex<errnal procuremen*
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dollars are available. In this problem, however, i+ is rno+
tequired, c¢r even dessired, to consume all of the availaklz
capital.

The decision variables represent the number of vehi-
clas cf each fuel tyre and are defined as follows:

x1 = Gasoline-pPowered Vehicles
x2 = CNG-Powered Vehiclas
x3 = Elec*ric Vehicles

The ccefficient (c) of each decision variable sxpresse

0n

the +ctal variable uriz cost cf procuring, ope-ating , and
maintaining one vehicle of each fuel typs. These values are
cbtained f-cm equaticns 3.1, 3.3, and 3.5 respectively. The
valae of th: obijective function, 2z, =cepressents +he *+o%al
variatle 1ICC of precuring, operating, and maintainiag the
fleect. The £ixed ccsts must be added <o the valu=z of z +o
arrive .at the total fleet LCC. The goal is <o wminimize zhe
value of z.

The cost coefficients in the €irst cons*raiant are the
uni<« vatiable purchase costs and variable invsstmen+t costs
(CNG ccnversion kits) for each alternative. The righ*-hand
side is an estimate :f the OP,N amounts budge*csd for vzhicle
procurement and additional oOP,N amounts planrned for
investmsnt/cenversion. The procureman< budgets are treated
as one agprrcpriation account; however, an activity would not
be able *c «ransfer funds Srom one appropriations account *o
another.

The cos+t coefficients in ths s=zcond ccocns*raint are the
unis C&M costs for each alternative darived from =quat*tions
3.1, 3.2, and 3.3. The rigkt-hand side is *he 0&M 4cllars
tudgeted for vehicle operations and maintenance in +h2 firs+
year.
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The cost coefficients in *he <hird ccns<raint a-:z +he

uni+t present value of annual O&M costs less the salvage
valus. The right-hand side is +he presen+ value of an
activity's budgeted CEM costs for the flect. The ccmputa-
tion c¢f annual and budgeted O&M costs and budget constraints
for NES are contained in Appendix A.

The four-+h ccnstraint 1limi+s the number of 1lcw perfor-
mance vehicles in <+he final solu<ion, lew performance
vehicles teing previcusly defined as 2l2ctric vshicles. Th=
coefficient for 1low performance alta2rnazives Is ¢ne. The
right-hand side is the wmaximum number of low perfcrmance
vehicles allcwed by an activity.

The fif:h constraint previdss th2 ussr with ths cp=zion
cf specifying the number of vehiclas tha* an activity
desires *c remain gascline-powered, for example, <mergency
vehicles cr Admiral's sedans.

The sizxth constrain% sp2cifies tha fleet sizsz, The
coefficient for each al<zernative is one and <+he r
side is equal to the flee* size.

The problem wri<ten as linzar squazions is:

Minimize 2z = ¢ X + c X + c X
2 2 3 3
Subject to:

b X +b X +Db X £ b
111 12 2 13 3 1
b X +b X +b X £ b
21 1 22 2 23 3 2
b_ X +b_ X =+
311 32 2 b33x3 < b3
b X £
433 - bu
b_ X 2 b
511 = 5
b X +b X +Db X = b
61 1 62 2 63 3 6
73
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Ccnstraints written as inequali<ies may not be Zully
T

utilized in the final solution. A constraint of =hs fc
"less than or 2qual to" may have an unused capacity w
represented bty a slack variable (S) that is 2i+ther posizive
or zero. A constraint of the form "greater +han ¢
to" may exceed the minimum capacity which is rzpresented by
a surplus variable (S) that is either positivz cr zsrc. Tc
ensure surplus variables remain positive, an ac+ificial
variakle (A)
not have any physical meaning and is assignszi a ©cenals

is added to the 2quation. This variatls dces

value of M to prevent it from entering t+the €inal soclu=ion.
n  hoid.
Artificial variables ars also =required in equalizy ccnst-

M is +the largest value +hat <the compuier ca

raints +c maintain +he Zden<i+y. Slack, surplus, and
ar<ificial variables are included in th2 oktjec+ive func+icn.

A soluticn tc a system ¢f linzar sgquations rsquizes “hat
th2 number of variables =qual <+he numb2r cf squaticns. 1£
there are mcre variatles than 2quations, <ther: are a
nite numkter of soluticas. If theze ar2 f€wer variablss tlian
equations, a soluticn would exist only if =<hers wzs Jegzn-
eracy, i.e., when +three or more equa*ions in%ewsazc< a= -ha

cptimal sclutioa. To ovezcome <this problzam scm2 of the

variaktles are set tc zero. The vaciables irn <hs £izal =s5lu-
tion ar:= called basic variables and may have pcsizive oc
zero values. The number of basic variables is =2qual %o the
number cf ccnstraints, Variables not ia the figcal soluzion
are called nonbasic.

Tc solve <the 1lin2ar program wi<h +the compu=sr the
problem was rewritten as a maximization problem in starndard
form and artifical variables introduced. To change <tc a
maximizaticn problem the objesctive function was multiplied
by -1 and the

changed €frcm 2 ¢t¢ ¥, where, 2z = -w. The problam is now

variable for +the objec=ive function was

wri-+en as:
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Maximize w =

- - X - X_ +0S +0 +0)S_ +0S ~-0S_ -MA -MaA
3%, C,Xy = ©C3¥3 05, *0S, +0S, +0S 05, 1700

Subject tc:

E X +rt X +#Db X +5§
111 12 2 13 3 1

+ b X 4
EarXe * Expfy t by3Ey )

b.. X -+ b_X +Db__X
31 1 32 2 33 3 3
X
43 3 4

b X ' -S_+ 2
51 1 ) 1

Per¥1 * Fe2®2 * Pe3ts t A

Tc facilitats solving, =2ither manually oz by ccmp
the problem is written in a <tzblzau. The variatle
writ+ten accross the <op and only <he coefficients
displaysd in the main bedy. The coefficients of the ¢
tive funtion are writtan ba2iow <*he constraints ian th
designated Cj. The 23 zow is <he summation cf th= p:r
cf +the tasic wvariakls csefficients and the ccrrespe

IN I~ IN IA
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nding

elements of the main rody. For eoxample, Z3 for cclumn X1

is: 0(82393) +°0(3468) + 0(0) - M(H) - N(1) = =-2M. <
the amount by which the objective funtion da2creaszs a
more unit of the variable is added. (The amoun+% by
total cos* increases). The Cj-Z3j, or 2valua+or row,
the net impact on the value o€ *he objective funtic
adding cne unit cf a non-basic variabl2 to the basis.
tasic variables and *heir coefficiants are writ*ter o
left-side c¢f the tabl=au. Table VIII illus*ca*es
problem written in tableau form. The coefficients are
computed for NPS and are derived in Apperdix A. The
of the right-hand side of the fifth constrain:t was
trarily set equal tc two for illus+rative pucposes.
final takleau for the problem is displayed in Tablz IX.
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TABLE VIII

Vehicle Mix Tableau

Dasie

Variable Coeff. Quantity

1 2 3 5 1 % s 1 2
’l ] 631800 | 7600 e77s 13930 3 [} 0 0 ] 0
’2 ] 49902 693 437 7162 (] 1 0 0 [} ]
3, 0 271816 |J460 2073 9152 (] [} 1 [} ] ]
3‘ o 33 [} [} 1 [ 0 0 [} ] o
Al - 2 b3 0 0 [} ] [ -1 1 [
Az - 72 3 1 1 [} [} 0 0 [ 1
c3 «11760 -11204 -2306) 0 0 o 0 -M -M
23 -28 - - ° 0 ° N -M -
Cj=23 | =11760 -11204 -2586) ] [} ] -M 0o 0
+20 N *N
TABLE IX
Final Tableau
Pasic
Variable Coeff. Quantity ll xz XJ Sx s s, 4 ss A‘ A,
‘1 0 23130 0 0 7178 1 ] o -117% 1175 -877$
Sz o 17926 0 0 328 ] 1 4] 356 ~256 =417
'3 0 119770 ] (4] 7079 0 0 1 1395 -1395 ~-207)
8‘ [} 35 ) [} 1 0o ] 0 (] 4] o
x1 =11760 2 1 ] [ o [ ] L3 1 )
xz -11204 70 0 1 1 [ 0 Q 1 ;1 1
(3] =11760 ~11284 -23863 0 0 ] ) - -N
z3 =11760 =1.284 -11284 [} -] -] 476 =476 =1128¢
Ci-24 (] [ «14879 [} [ ] =476 ‘7: 112!:
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The values cf basic variables are read frem <th=

guantity column. Non-basic variables are egual <+: z=rc.

: The value cf w is ccmputed by substitu«ing the wvaluzs £

:ﬁ X1, X2, and X3 into the objective function. The firal solu-
tion is:

X =2 S = 2,3%0 s = 35 z = 813,400

>4
[}
~
[«
wn
1]

17,529 5. =90

b
]
o
n
1}

119,770 Lj -813,400

The flzet would be composed of two gasoline-powsrad
vehicles, scsventy CNG-powered vehicles, and zero EV's, The
OP,N and 0&M savings cver budge=2d 08&4 in year one woull b2
$2,350 and $17,926 respectively. The preser: valuazs c€ +h
savings in O8M for years twe +hrough t2n would b2 $119,770.

o

- Thirty-five vehicles previously classified as lcw-
rerformance still employ a high-performance al*ernaziva.

(o1

Based cn usage rate and load capacity, these vehiclss coul

_ ke replacad Dby EV's without mission impairmen=. The

f{ requirement for a fleet size cf saventy-two vehiclss has
; tecen sa=isfied.

The tctal fleet variable cos+t s 3$813,400. ‘Adding +the
$47,100 £ix=zd cost €fcr the CYG infras<ructurs, as dzvzlecgped
, in Section E(1) of Chapter III, brings *the to%3al life cycls
?? cost to $86C,500. This exceeds tha %o+tal 1lifsz <cycle ccs:

for gasoline-powered vehicles by 513,780 derivszd ir Chap=er
III. Using <the criterion established in Chaptsr I, <the
decisicn would be to continue operating with gascline-

povered vehicles.




C. SENSITIVITY ANALYSIS

The analysis proceeds under th2 assumption <+hat an
activity is willing +*o make “he inivial fixsd cost invast-
men~ and ccnfigure the flee*t irn accordance with the final
solution. This assuamptior is based on an acceptable payback
period which will be addressed in a subsequent section.

The evaluator row (Cj-2j) shows the net impzact cn total
life cycle cecst ¢f bringirng orn2 unit of a non-basic variable
into the solution. Adding one EV (¥3), which necessi+tates
the removal of one CNG vehicle (X2) <o satisfy the equality
constraint, will increase LCC by $14,579. A rz2quirement for
each additicnal gasnline-powered vehicle (S4) will incrzas:
total costs hy $u76.

The ratics of substitution indicat2 the +tradeoffs “haz
cccur when a non-basic variable bescomes a tasic variable.
The ratics are contained in the bcdy of thz tableau under
the ncn-tasic variatle of in*teresc:. Adding one EV will
decrease the first year's savings in OP,N by’$7,175 , OEM by
$325, and the the present valna of subsequen: year's savings
in O¢&M by $7,079. This will alsc d2acc-ease “he low perfcro-
mance vehicle surplus by one, have 20 impac*t on the numker
cf gasolins-powared vehicles :in the final soluzicr, and
decreasc the number cf CNG-powere2d vehicles by onz.

Increasing the T=zquiremen+ for gasoliine-powered vehiclsas
st year by $1,175,
avings in years *wo

ip

.J

will reduce OP,N expenditures in the £
btut decrease0&M savings by 3255. S
through *en will deczease by $1,395. This
impact c¢r the 1low rfperformanc2 vehicle surpl

ill have no
s and will

s =

reduce the rumber 65 CNG vehicles by one.

Of greater interest is the range of values that <+hs
coafficiznts of the decision variablss may assume withcu+
changing <he coamposition of <the basis. This rangs is
composed of an upper and lower imi%, As 1lcng as a




T

crefficient is within +his range the current optipal sclu-
+ion will remain unchanged. Should thes coefficisrnt gc ~bovs
or below these limits there will be a changs in <*hzs basis

ard optimal solution. The simplex approach distinquishes
between *he aralysis of basis and non-basic variabl=s.
Anaiysis of Basic Variables (B): Th=2 analysis cf vari-

abls x1 will be used as an example.

Step 1. Copy the Cj-Zj row of th2 optimal solution.

Stegp 2. Copy the X1 row below thz Cj-2j rovw.

Stzp 3. Divide the Cj-Z§ row by zhe X1 row for sach

non-basic variable.

NB B N®
Cj-2 7 0 0 -14579 ) 0 0 -476
X1 1 0 0 0 0 0 -1
cj;23 - -- - -- -- - 476

The swvallest positive number (476 in this example) <tells
Ey hew wruch the coefficiant of X1 can be iacrezsz2 befeze
the solution is changed. Ths smallest negative 2aumber
(absolu*e value) indicates by how much the ccefficien® car
ke decrzased withou+t changina +he solu+ior. The smalles-=
nega*ivas value in this sxample is in€ini<y. The range of
values is, +herefore,

-11760 - = < c1< -11760 + 476

cr

- ®< c1< -11284.

The *ctal variable LCC would hav2 o decreise t2 $11,284
tefore ~he compesition of +ha £leet would be composed of
gasoline-powered vehicles only. An increases in <the *otal
variakle 1CC would have no effect on fleet compositicn.
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Repeating the same analysis for variatle X2, <he zange

cf values is

-11760 < c,< 0.
The *ctal variabls LCC could increase to $11,760 befeore the
composition of <the flee* would change to gasoline-powsred
vehicles cnly.

Analysis of non-kasic variables: In order for a nen-
tasic variable to enter the final soluticn, its coefficient
will have <o change from i*s present valu2 (Cj) o C'7,
where

crj > zj.
For an EV to enztar the firal solution, i%ts LCC would havs %o
decrease tc 2 minimum of -11284.

Knowing the vrange of values tha:t the coefficients may
assume without changing *he final solation, =he user carn
*hen examine the determinants to evaluat2 their sensitvirty,
cr det=rmire ths <changas reguirad before an alterna=ive
tecomes ccs- effactive,

D. ANALYSIS OF THE LCETERMINANTS OF TOTAL LIFE CYCLE COST

1. Gasoline

Since acquisition cost and salvage value arz *he
same fcr gasocline angd CNG, changes in relative LCCt's would
have to te a resul+ of changes in operations and mainte-
nance. The price of gasoline is the most 1likaly determinzn-~
to changs. To reduce LCC to $11,284, 1life cycle opsrz+ing
costs wculd have “¢ decrease £f-om $3,2u43 te £2,767
(Equation 3.1). Tc achisve <=his raduction =<he price of
gasoline would have <“c £a3ll to $1.019 per gallon, a likely
cccurence with tcday's oil glut and price ims+ability.

If maintanance cost saviags wizh CNG were predic<ed
tc be 50 percent instead of +the 37 ercent used ina <his
aralysis, 1CC for gasoline-pow2red vahicles would have ¢o
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drop from 311,766 +c $11,239. To <his reduc*icn,

achigve
+he price of gasoline would have +o €£all <«¢o $1.003 per

gallon.

With a bill pending in Congrass +c dersgulate the
natural gas industry, the price c¢f natural gas is mcs+
lik=ly %c change. To increase variabla LCC frem 511,284 to
11,760, 1life <cycle cperating ccst would have =0 increase
from $1,547 to $2,023 (2quation 3.2), which equi*tes %o an
increas2 in the price of natuc-al gas foram $0.57 <o $0.75 per
gallon, ¢r, approximataly $7.50 per 1000 cubic feet. This
would b2 a 31 percent increase over “he current pricsa.

Mairntenance ccst savings with CNG are uncartain bu=+
the +c+al LICC is relatively insensitive *o changes in the
saving factor. The curren%t LCC 1is based or. a coaservativs
estimatz of 37 percent savings ia =ngiane--zla‘tei mainte-
nance, An op+*imistic sstima“2 of 50 p2rcenv woculd d=creass
LCC by $45 =¢c $11,239 or 0.4 percen+*

The cos*t per <coaversion kit can incrsase to $1,551

cr 40 percent before LCC reaches $11,760.
3. Electric Vehicles

Acquisi+tion cest 1s the singls largsst dsterminant

’.J

of *otal 1CC for EV's. Acquisi4<ion cost is 1liksly <tc remain
high until consumer demand induces larger scals precduction
and lcwar unit cost. An incr2ase in iemand is liksly +2 be
the result cf increased cost in operating gasolins-powesred
vehicles and shortages in gascline supplies.

Battery replacement and maintenance costs ars the
second larges: detarminant. Projec=ed lead-acid Lat*ery
performance ia 1985 is 1000 deep <cyclss and an en2:gy
density cf 46 Wh/Kg. Together +hey might mul+«iply *he r<ange
of EV's nearly fivefold and cut baz+tery depreciaticn in
half. (Hamil*on 31).
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Evaluating hypothetical scenarios, if an EV purchase

3
]

o price was reduced by approximatsly on2 half to $8,000, =znd
u! th2 useful life <f batteries was extended to five years, the
SN total LCC woculd be $15,320. This is still $3,560 greater

than gascline-powered vehicles. If the prica of gascline
: were *to increase +¢o $2.00 psr gallon, total LCC for
!. gasolins-powered vehicles would increase +o $13,944, s=ill
o less than an EV.

i‘ Ccmparing an EV with a2 ten y=ar lifs cycle, $8,000'
ﬁi purchase price, and fivas yvear bat*ery replacsment cycle, 2
u. a gascline-tcwared vehicle with a3 sa2ven ysar life cycle and
a gascline price of $2.00 per gallon, <he annualized LCC for
an BV over the ten year cycle is $1,532. The annualizzd LCC

for a gasclins-powered vehicle over seven yesars is 31,567,
slightly greater than on BEV.

E. PAYBACK PERIOD ANALYSIS

A dscisior to incldr inves:imant cCcosts to achieve savings
in 0O&M wculd be basad on an acceptable payback pericd.
Approval authority is dependent on “hs inves*ment valus of
the ¢gprciec=. Energy Conservation Improvema2nt Erojacets
(ECIP) tha“ -2quire approval by major claimants are gener-
ally app:icved if the payback pericd is <hree y=arcs cr lass.

An altsrna*te approach *¢o sensitivity analysis is to
det2rmine the impac* of various desterminants on the savirngs
in o&Hn. Since *ha high LCC of EV's place them ouz cf ths
picture for <the near fu*ture, +*he analysis will f£foccus on
gasolir: and CYNG. Leterminan<s with “he grsatsst pctan=ial
for affscting saviags in 0&M are +he difference in the
prices ¢f gasolire and natural gas, flset sizs, and avsrage
annual miles. Savings in maintenance costs resulting from
conversicn tc CNG have little impac< on the difference in
CeN.
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A large divergance ir the price of gasoline <cver th

[

price of CNG will <zresult in greater O&M savings ard

s ]

shorter payback pericd. Average annual miles is 1likz1ly to
remain ccns=ant for any one activity; howevar, an activity
may be in*terested in th2 impact of varying the =number of
vehicles ccnverted. The2 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 +*he resulting investnmen* cost.
Derived from equations 3.1 and 3.3, th=2 =quation fcr C&M
savings is:

AO&M = n x ML ((n(P - P ) ¢+ M - (1-s)(M)) ¢+ rn x OP (4.1)
cNG

GAS
Whers:
PGAS = Price of gasoline.
PCNG = Pric2 of compressed natural gas.
M = Mainternarnce cost par mile,
s, = Maintenance cos+t savings factor.
Mi = Average annual miles,
OF = Annygal opera+i permit fee,.
n = Number of vehicles. .
n = Vehicle efficiency in gallons per mila.

With <he =2xcep*icn cf annual operating permits. which
vary acccrding to the number cf vehiclas, O06M savings is a
functicn c¢f the price difference between gasoline and
natural gas, avarage annual miles, and <he number c¢£ vehi-
cles. Fiqure 4.2 depicts €£la2e<« savings Ia O&6M =z 1000
average annual miles per vehicle as a function c¢f the price

cf gasclice minus the price of CNG for various fleet sizes.
" The savings is computed by mwmultiplying *he value chbtained
f‘ from thz alkscissa by the average annual milss per vehicle

3 divided by 1000. This value must be z2ducedi by the annual
f? coarating pe-mit fee multiplied by th=2 nuabar of vehicles.

ﬁ; Per +he 72 vehicles at NPS averaging 5928 annual miles,
- and +he curcent rrices of gasoline and natural gas cf $1.196
'i . and $0.57 per gallon, respectively, the savings in 084 is
E 83
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_PFigure 4.2 Gasoline and Natural Gas Prices vs. O8N Savings.

$18,422. Wi«h a $131,700 inizial inves=zment €~z the

compresscr, cascade, and conversion ki:ts, <+he payback would

be approximately seven years.

Tc achiesve a three year payback pe-icd, annual sivings
in 0&M wculd have *o ke $43,900. Set+~ing O0&M in eguaa=ion
4.1 2qual +to $43,900, holding annual miles and rumber of

X

3
LI

v2hicles ccrstan=, and solving for PGAS - PCNG, +thes price

differance would have to be a* leas% $1.46 per gallcn.

Tc achieve a three year payback usiag the Navy-wids
average milss per vehicle/year of 7900, and average milz per
gallon of 13.5 [(Ref. 35], 143 vehicles wculd have +o be
converted, This is based on the requifement fecr two
compresscrs and a target annual 084 savings of $51,6C0.

84
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F. SUMMARY

The linear program was designed for maximum flexibiliry.
Cos* co2fficients and right-hand side values may ke changed
to reflect changing prices and f£fleet charact=aristics of any
activity.

The linear rrogramming solution <o the above scarnario
calls for a fleet mix ¢f two gasoline-powered vehicles and
seventy CNG-powezed vehicles. (A result of *he arbi+rary
requirement for <tvwec gasoline-powered v2hicles ir <+he final
sclution.) The total variable cost is $813,400. Added t=
this 4is +the fixed invas+tment cos= cof $47,100 for a

compressor and distribution system for a <%otal LCC of

% $860,500. Ccmpared +o the LCC cf $846,720 fecr gascliae-
Ei powered vehicles, and in light of the decisicn crizerion cf
lowest LCC estatlished in Chapter I, ~he £final decision

should ke tc continue operating gasoline-powered vshicles.

;ﬁ . The final deocision rasts with the ~<rea<ment of fixsd
x costs. While the total LCC with CNG is $13,780 greatsr than
tha* cf gasoline, anrual O&M is $18,432 less. Deperding on
the prices of gasoline ard nacural gas, annual miles, and
flaet size, savings in O0&M.may be of such magnitude <o
justify incurring +the investment cost associated with CNG.
For NES +to r=2cover the $131,700 investment in three years,
annual 086 saviags would have =0 be 343,900. To achieve
this, +the price differ2nce between gasoline and CNG would
have tc be $1.46 per gallen.

LN

P
fete s s

v CCl
AR
.

N

85




D A A S A e e e N L

V. SUMMARY AND CONCLUSIONS

The purpcse of this thesis was tc provide fle2et rmaragers
wizh a consolidated source of information and decision
modals for evaluating “he potsntial for using al-ernative
fuels. Advantages and disadvantages of compressed natural
gas (CNG), alcohcl, and electric vehicles were presen=<ed and
a determination made as to their suitability as replacements
for gasoline-powesred vehicles.

The gasolins-powered vehicle sarved as a kaseline
against which other alternativas ware comparczd. Tc accomo-
date the different performance characteristics associated

with each alternative, measures of sffactiveness weTe ¢s3tab-
b lished —reflecting these differencss and served +o
- dis<irquish tetween high and low performance al%terna<ives.
: These measures wera2a: range, usage rate, speed, lcad
1. capacity, and fuel availability. The minimum level of
- effectivenass for high performancas al“ernatives was set %0
ﬁ? precluds replacing a gasoline-powered vehicle with an al+sr-

nazive that degraded i«s ability to perform i=s mission.

The analysis was conducted in 1982 dcllars and alterna-
+ives ware =2valuated based on their current s+ate-cf-the-ar=
technclogy. The decision critericn was based on the airim-
izing total life cycle cost (LCC) of procuring, opera+ing,
and maintaining a flest of vzhicles.

Seventy-two vehicles at “he Naval Pos*graduats School
(NPS) s=2zved as a sampls popula“ion for ccmparing tctal LCC.
The populaticn consisted of sadans, station wagomns, and
light trucks with grcss vehicl2 ratings of one =on cr less.
The tctal LCC for prccuring, operating, and maiataiaing +his
flast was $846,720.
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Ccmpressed natural gas (CNG), when used as a fuzal fuel
with gaéoline, satisfied the minimum levels of ¢£fzctiveness
for bhigh performance alternatives. The primary advantag2 is
its 1lower price per gallon and :i:s plentiful surply,
although with natural gas deregulation, future gas fprices
are uncartain. Becaus2 CNG burns clganer +han gasclire,
maintenance intervals may be extended and exhaust emissicns
reduced. Puel efficiency may be increased because ¢f betzer
ccld starting capabilities. CNG's lower spacific gravity
relative to air and <the narrovw range of air/fuel ratics *ha=
will suppcr+ combustion make it a safer fuel *han gasolins,

Adding *wo gas cylinders to a vehicle adds akout 251
pounds and cccupies up *+o 7 cubic fzet. The additicnal
weight reduces acceleration from 25 to 40 perc=nt and fusl
economy by 5 to 10 percent.

The kigh initial investment cost is +he majcr disadvan-
tage to CNG. Conversion *+o CNG requires COMEIAQSsCIs,
storage and distribution systenms, and vehicle ccrnversioan
kits. The amount cf savings in O6M is depsndent on <he
price difference of gasolina aad na+ural g3as, +he vehicle
usage rate, and the number of vehiclss convarted. Osing
Ncvemker 1982 fuel prices and Navy-wid: average arnual milss
and fuel efficiency data Sor fiscal year 1981, 143 vszhicles
would have tc be convertsd to achieve a three year payback.

The investment ccst to convert savanty-two vehiclsas a<
NPS is $131,700. The “otal LCC to pr-ocure, operats, and
pain+ain seventy-two vehicles would be $459,692, or $12,972
®or2 <than gasoline, however, annual OB&M ccst weuld be
reduced by $18,432. To achiave a three year payback <the
price difference between gasoline and natural gas would have
to be at least $1.46 per gallom.

Interes« in alcohcl (methanol and athanosl) has s+t:zmmed
from a need to reduce the natiocn's Jdependence c¢n foreign
cil. Currantly, this interest has 2bbed as a <cesul: of
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today's cil 3Jlu=. Alcochol posss techrical problems with
vehicle performance, distribu+<ion and handling, ard ccmpat-

ability with materials, These precblams ars not
insurmountable 2and are 1likely ¢o be solved with further
research. The advantage with alcohol is that delivery,

storage, nd dispensing sys+*sms would not be substantially
different +*han gasoline systen, Howevzr, alcohol fcr moter
vehicle use is not currently produced in sufficisn* quanti-
ties +o be considered as a viabl2 al%terratives 4“0 gasclins.

Electric vehicles have shortar ranges, slower cruising
sp22ds, and light=2r load capacity than gasoline-pcwered
vehicles yet they are s+till <capabls of £fulfilling scm2
missicns currantly eperformed by gasoline-powered vehicles.
They ares ideally suited for short-rang: delivery or utility
vehicles with aissions characterized by 1low sreeds and
pal=ipls stcgs.

The analysis focused on EV's wi+h commercial applica~-
*ions. The EV's manufactured by Sattronic Truck Ccrperatiorn
wers us2d ip the analysis bas=2d 5n current availability,

lowest procuyrement ccst of *ha five manufacturers survsyad,
and suitability <for replaciag gasoline-powsr2d vzhicles
without mission impairment. Acquisi+tion ard Eta*rtery
replacement costs remain the biggast deterrant to EV use.
Acquisizion cosxt for <the EV's aanufacturad by Battrornic
Truck Ccrpocation was $15,3950, equiped with on-boac-d char-

gers. The tattery pack had a usefnl life of three years and

a repacszen+ cost of $u4,800.

. Operatiag cost «ray be 1lower for specific applica*icns

= and when ccmpazed to inefficient ICE vehicles. Energy
consunpticn is minimal when th2 driving pattesrn is charac-

t2rized Lty fr2qusnt stops, cecaszing, and deceleraticn which

do nct ccnsume enerqgy. Regenerative braking increases the

range and reduces the operating cost. Aznual O&M ccs+* ger
. vekicle was $69 greater “han *hat of gasoline.




The simplicity <¢f the electric @motor should =rasul: in
lovwer maintepance cost; however, failurz2 rates are currsntly
high cwing *o +the lack of maturity in the EV iadus=:ry. A
lack cf trainsd personnel feor maintenance and difficul*ties
cbtaining replacement par+ts have bean citzd as disadvantages
bty BV users.

The LCC for one EV was $25,863. Thirty~five vehicles a<
NPS wers determined to be suitable for replacem2nt by EV's,
The ICC for a fleet of <thirty-five EV's and “hircty-sever
gasolirns-rowerad vehicles was $1,340,325, or $u93,605

greater than a gasoline-poweresd flse<+.
The lin:ar programming model was 2ffective in analyzing

the wvariable ccst components of each altsrnative. It
provided a means for ass2ssing ths impact of substituting
h‘ cre altzrnative for another on total variable cost and C&M
&" tudgets.
t&j Fcr illastrative purposes, a constraint calling for a

pinimum cf “wo gasoline-powered vehiclss was imposed l2adin

*0o a scluticrn that spécified a fleet mix of two gasolizs-
powered vehicles and s=2venty CNG-powersd vshicles. The
variakls LCC was $813,400 and, after adding fixed costs, *he
total LCC was $860,500. The first year savings in 0&M and
CP,N vwould be $20,279, and <subsequen< savings in O&M would
ke $119,770.

The linear program produced the range of LCC values over
which the fleet wix sclu*ion remained valid, from which the
sensitivity of LCC determinants could he analyzed. Gascline
pcices cculd decrease to $1.019 per gallon, or, natural gas
prices cculd increase %o $0.75 per galion without charging
the £le2t mix. The final solution was rela*ively insensi-
tive 40 main“enance ccst savings with CNG.

The final flzet mix decision depend=d on +he tresa+men*
cf fixed ccsts. Adding the fixed <cos*s to *+he variakle
costs obtaired f£rom the linear program changes the sclution
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While the LCC fcr CNG is $13,780 grszater than +he> of
gasoline, annual 0&M is $18,432 lass. The decisicr may bs
governed by the time it takes to recover fixsd costs. Foz
NPS, the payback period is approximately sesven years. TC
achieve a +hree year payback period the price differance

"ketween gascline and natural gas would have to be $1.49 per

gallon.
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APBENDIX A
CCMPUTATION OF ANNUAL AND BUDGETBD CASH FLOWS |

A. CCBPUTATION OF ANNUAL CASH FLOWS

Cash flcws in year one are the unit procuremen: costs
and thé cperating and maint=nance cos%s for 2ach al+ernativs
derived from equations 3.1, 3.2, ard 3.3. Cash flcws in
y=2ar tvo thrcugh nine are the annual opsrating and maince-
nance costs in 1982 Jdollars. For EV's in years four ani
seven, the operating and maintznancs <cests are net of
urement less 3506

tattery replacement ccsts of 34,800 irn pro

e
L]

c
in salvage value. Cash flows in =zhe firal year are net of
vehicle salvage value.

The OP,N and O0O&F in the first and second constiraint of
the linear program are the firss: y=ar cash flows. The 06N
in +he third budget constraint are thes cash flows in years
two through t3n discounted +*o preseat vzlue using 2 10
percent disccunt rate.

BE. CCMPUTATION OF BUDGETED CASH FLOWS

The ¢practice for budgeting 0&M iIn the Public Works
Department of the Naval Postgraduate School is to budget the
current year's O&6M adjusted for inflaticn and increassd by
any extracrdinary itenms. The budgated 0&M for each yee:r is

= th2 amoun* required to operazs and maintainan 72 gasoline-
pcwared vehicles computed £rom equation 3.1, and consider~d

gi to be the minimum amount “hat can be budge+ed ecack year.
® The procur2ment budget is the average unit purchase price of

gasoline-powered vahicles, plus additional OP,N availatls

Eﬁ for invastment and ccnversion. In this problem, sufficien*
ﬁs . OP,N was prcgrammed to include <ha cost of CNG ccaversion
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kits. Tabla X shows cash flows by year for each al=-=cn2-:

and the kudgeted 06M and OP,N.

Vs

TABLE X

Annual Cash Flows

Year Gas CNG EV's
1 (op,N) 7,600 8,775 15,950
1 (O&M) €93 437 762
2 693 437 762
3 593 437 762
| 693 437 5,056
5 693 437 762
6 633 437 762
7 693 437 5,056
8 693 437 762
9 693 437 762
10 67) (323) (195)

Budgs+ted

631,800
49,905
49,905
49,9C5
49,905
49,905
49,905
49,905
49,905
49,905
49,905
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