)\

\

4|2
=)
v

F89WIBATVFNY I

Tﬂ?ﬂﬂ'ﬁ mﬁmﬁzﬁmﬂﬂﬁ ABNAUNWUULAWI §1RILNDILIRNIRE

¢ A =
Llazgﬂﬂ‘smtﬂ‘sada\la‘l%qmﬂﬂ%ﬂii&lmﬂﬁi

Tag we.as. Usrsand Us1sanif uazame

30 S¥IN1AN W.6. 2552



Tyl MRG5080379

swmm‘i%’mﬁuawstﬁ

Iﬂi\‘]ﬂ’li MINATEZAMIURIUNAUNWULLLVUIY FIRTUNDILTUN IR

& A A
LLazqﬂﬂimLﬂia\‘l&lalqum%ﬂﬁ&l LMNGT

ﬂm:;f”y N0
1. We.a3. Ys1sauw Ussowa VANINYIRULNBATANTAS
2. 34.99. ﬁiﬂqﬂ‘ﬁs TIYLATHINA YANINLIRULNBHATANRAST

FUU m{:ui@EI6%’]ﬁﬂd’]uﬂmzﬂ‘ﬁ&lﬂ’]iﬂ’]iﬂq@&lﬁﬂ ¥ WRSEINNIIUN amuaﬁfu mgumﬁ%‘ﬂ

(%

(mwmﬁﬂmwmuﬁ@maaﬁ y &ne. wazany. Windudasiualoianaly)



unAnsa

a & = o o ¢ A A & a & o
mMyilanzinadasunaunuuurwe dniunasoiuninuzuazaUninliniasile unsienziiven
R ' . { { { v o A
fwnuan1sNimanzay (Optimal schedule) lunaidsunaunusuwinuzuazgUnialiaiasla ialddunuau o
Usznausie dunuadfl uazdununisldnuuaznistentirisuninuzuazgdnialiaiale JadNganaae
srpznauEuiinee  lwnuwddsd GdeldRanrondymnsienzdnsdfsunaunuuunsins dwiunes
PIUNIRBzaInIBUIznIatansuilElunslininiedne g Sadsznaudis sruwinusidengedraiuuas
JeUEN WM TN UREENNG19AY  Asans lanasandszidnlunsiensdimsidfsunaunuuuyauwin 3
dszidunan auleun anumanzsuaasnmsidulouisnmsifsuwnaunuifoulsnumlulunsU §id nsiansan
maddsuinldwdsnuniaden uaznsiansangluounislfnuaiuanaianalavasgls (‘User-preference’
. . A = @ Aa £ a A va A A
pattern of utilization) TadugununislFruniieiuaidlumalfid  wlonsmadfounaunuuuuauwiud
mhmmﬁ%agﬂsxﬂaumsﬁaﬂfﬁ‘uﬁﬂﬂ U5znauaiy MITalanizownIrue AN U R UNAUN WYY
(Purchase-new-vehicles-only rule) NMIINAUNETUNIRUSTLAN D UNUNTDNNUNIAN (No-splitting-in-selling rule)
nfanunInuziesgUuuLIAs3n1ENu (One-purchase-choice rule) wazmidmpuwnuziiinniiian
(Older-vehicles-selling rule) ~ wanand fapdsldRnsanulovsmadasunaunuiionadladuniouldiu e
v Y oo a =) “ A d‘ g; A ] dl
ldfiaualilwanasizims Aa madadulafsunaununinuanisldwfounaunuas (All-ornone  rule)
o et a dl v s =) U va v a A dlé
fmiumsfasannasuanldwasnunaien fulddnannsldwdinumatenifiouldluldszinealng
2 Usznn Ao MU5IINTAO0 (Compressed Natural Gas, CNG) uazfinewlllasiduuinad (Liquefied Petroleum
Gas, LPG) dwminasangdusumsldnuamanudswalavesdlduu iWunsiansanisgduuumsldnuais
A o A e A A o P @ a ¢ A A A P ' v
TaglFonumnuzniaguniniiateslacing g dnazfioaldounnuznieguninliesasleflniniunnniinisle

A o

& ¢ A a4 @ A ¢ A a Ada o A o @ \ A A
UqquﬁuzﬁiaqﬂﬂimLﬂiadNa'ﬂLﬂ'] "/]'11%U']%W']'ﬁuz%iaqﬂﬂiml,ﬂiﬂﬂNQ'YINa’]qwqﬂuﬂ‘ﬂzuﬂ@]‘ﬂﬂqilﬂﬁﬂqu@ﬂﬂﬂ

' '
A A

° ' A ¢ A o 2 g em o x> o A
dnieuninuznisgnishieiaslanlninir  Tuns@nsnd fdvldvamuuuinesdynnaisunaunu
o gt 6 A A = v = =3 1 o A v 1 v Y v
wuurwREMIUNaIs W IMUzLazgUnInliatasfla e ldnuiislindudie g dantldndalidedu lugduuuses
TdsunsuBaduluud windu (Integer linear program) uaznasauwidywnasavamaiannslasniwniyol
1 & (% .d' v Y a v d' a 6 a d‘ K%

199 Munuidymawalng e ladrdsdoyanlslunmsiensdinanizuuass Wesydwavesmsldulome
A & A ' A = a o o A A A
mMaenzimndisunaunuuuuswude g Wenisuifisuiuimuenslumadfsunaunuiimanzaufiga
Munsagdrazasm IR Ianmadaswnliwasnumaian moldzduuumisldnuaivanuiwelavesgls

=2 ' & ' A & A AV
NAMIANHINLIN wlouiansdaamza wnInue i n U aounauns tuwulauism s fsunaunui limanz sy
mizasumnusidautnalnl Sorgmildnudasanldnwzmanindendadildisldannni sulsuiems
A A & = o 9 A A A | & ' o
wWasunaunudug wu Haudazldlsulvvomadisunaunufiwanzauige udiaunnaadildiolasna
1eun  wananit wuinmsienlswassumaienmatlasidoumalrvzlszndaltianslasswlduinninnis

[
@ A o '

lEfesssnTifoa tasanialanlunisfaasndinin

ardan:  muddsunaunuuouswny; wleosmadfsunauny; Jdupumsldnuamuanainaliseadls;

NRINUNILREN



ABSTRACT

Parallel fleet replacement problem dealt with determining an optimal replacement schedule that resulted in a
minimal total cost of owning and operating a fleet within a finite planning horizon. In this research, the fleet
consisted of service vehicles, varying in ages and cumulative mileages, commonly owned by government
agencies or private business organizations. The paper focused on three main aspects of the problem, which
included effects of some commonly used replacement policies on the optimal replacement schedule,
consideration of alternative fuel vehicles for replacement, and a new “user-preference” pattern of utilization. The
replacement policies for vehicle replacement under study include purchase-new-vehicles-only, no-splitting-in-
selling, one-purchase-choice, older-vehicles-selling, and all-or-none rules. The initial fleet consisted of gasoline
vehicles, while alternative-fuel vehicles using either compressed natural gas (CNG) or liquefied petroleum gas
(LPG) were included as challengers in every replacement decision period. The user-preference utilization pattern
denoted a pattern in which yearly usages of vehicles decline as the vehicles grew older or had higher cumulative
mileage. Integer programming formulation of the defined problem that incorporated these new factors was
provided. Small numerical examples under various scenarios and a large problem instance with model
parameters estimated from actual data were solved to optimality to gain some insights about the replacement
policies and other considered factors. The findings from computational study revealed that the purchasing-new-
vehicle-only rule was a very non-economical rule, and that the decision maker should consider buying some used
vehicles in their early ages. Other widely used replacement policies, including one-purchase-choice for each
period, selling-older-vehicle first, and no-splitting-in-selling, although were not optimal policies, were cost effective;
and the rarely used all-or-none rule was also very cost effective. It was also found that the most economical fuel
option for vehicle replacement, based on the estimated cost components data in Thailand, was liquefied

petroleum gas (LPG) due to its lower installation cost than that of the compressed natural gas (CNG).

Keywords: Parallel fleet replacement, replacement policy, user preference utilization pattern, alternative fuels
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nasgwwInue waziilariuloue NSR mﬂs:qnm‘lﬁuﬂagmmsma‘uumnmmmwmumadﬂaamuwmu:
sansougnaaniiu 2 wlawnodes da wlgunamssmioaunmusindantuniauiunanue (No-splitting-in-
selling rule, NSSR) LLaquﬂmle‘a‘"fi?a&l’]uW’muzLﬁmgﬂLLumﬁm&lﬂ“ﬁmu (One-purchase-choice rule, OPCR

%38 No-splitting-in-purchasing rule)

21) wlau1an13INIBLIRN IR NRA D BNWNTDNNKNIKAA (No-splitting-in-selling rule, NSSR)

P g v o = a ad
Worhulgurs B sy dgninsidfounaunuuuuswInsoInass 1 wn1vue wlauis  NSSR a19linstii
& 9% .s a P ad a ' ' ] A ] o ' 2
duldldnimue 3 n3dl (nwd 3) fa nedin 1 10anduassnuminuziingduuuniieg Nangnieg gndmihens
& ad a : . P a P a V=3 A oA &
RN N3N 2 Wenguussuwinusimzluuunis g fiangnis g Jawalngdu ndnnda indesunivus
. a o A a o a ad a ' ' ] a =] a '
wguuu@siuiiogidsnuaniive waznsdin 3 Wenguuassuwmuniizduuunileg Nenynieg Juwai

a 1 &/ { 1 1 1 ¥ { o ¥
WG (uaanganau Wanaruly) nande Tudins@e-nmsouminue  Wesinulouns NSSR anld qUQA

=

vosiwIngIunInuslunassunInuzantainnai (4)-(5) wgnunudisdasinaf (12)26) iiaununsdii
uldlans 3 nsd

a

ndki 1 zgnuaasasdadnian (12)-(20) a9

by < MX,; Vo;Vi<N;Vj<T (12)
Sy < Mz Vvo;Vi>0;V]j (13)
Xoij + 2o <1 vo;Vi>0;V]j (14)
Sgii < hy Vo;Vi>0;j=0 (15)
hyi —Sg < M(l—zoij) Vo, Vi>0;j=0 (16)
Seij SVoitja Vvo;Vi>0;Vj>0 (17)
Vo,i—l,j—l - soij <M (1_ Zoij) Vo; Vi > O;Vj >0 (18)
Vg <M (- Zoij) v0; Vi > 0; Vj (19)
Xoij+ Zgjy € 10,1} Vo, Vi, Vj (20)

o o d

dadnaf (12) uaz (13) lkawdsmsdadulanuy 0-1 Xoij Uaz Z feudn 1 Lﬁaﬂij&l“lla\‘lmuwmunﬁ’]

0ij

JuuwY o Niany i gndauszgnunslutisnm jarwdau  dedian (14) Sedulilismunnsunimuslungy
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Lﬁmﬁ’ugn%aua:mmw%&uﬁ‘uw Tosnan (15)-(16) ﬁwmumwmuwmuﬂumjmﬁmr‘fu’lunaamuwmuzﬁuﬁu

azdasgnnewionnu lavlddnsusne wwdsinulunsssuwimuslugunmaug awidmualudadinan

'
[

D,

'
o A

(17)-(18) Tadnan (19) dmuaieuwinuzinelludnzdaslifiindaldoglunassuwmuz  uazdadrian

(20) ugasiisnmantAvasdaudsnmaaadulauuy 01 x; waz z; MR luwuuiaes

In-use from last period
VO,\-l,]-l

Purchased in this period Sold in this period

bo,u

In-use in this period:
Vo,\,j

n) FUQRVBITIWINLIUNINLE
Vv

oi-tjat boij = Vyij F Sqij

1]

A a . A

A) nItin 2 Wenguaassuwinusiing
S
QIR Iu

Vo,i—l,j—l+boij :VOij y sOii =0

7) NIWN 1 1 0andNVBILUWIRBELINGN

F1UNNININNG
Vot j1 = Seij boij =0; Viij = 0

]

AA A ' oA
3) NI 3 Lianduuasenuwinuziii
PYUIALVINLAY

Voiaja=V b

0

i :O;Soij =0

oij 7

WA 3 auqamaaﬁwmumuwmuﬂuﬂaamuwmu: wWaldulouiy NSSR

A ;s' ' ' = = = a I a = & :
nytn 2 LﬁJﬂﬂq&l"ﬂﬂ\‘i&I’]%W']%%sLﬂ']EﬂLLU‘]J%%GG] NanLeAn 9 QJ’}.IH’]G]I%I}J,‘II% LUBJINNANIIDUIUNINUSLNN

a o A a Y a oo | a & a 1Y
EﬂLL'L”JL@U?ﬂuﬂaqﬂqL@ﬂ'JﬂuN']LWN ﬁ’]u’]‘mLLﬁ@ﬂ@mlu“ﬂmﬂﬂ@ﬂ (21)-(24) AINUNIITOYIUNINRBZUILNNLLRD

'
o A

(hude dauys Xoj  Henilu 1) dadnen (21)3(22) @

@ o

=
VIUEN

Z%ﬂ‘]ﬂ"]ﬁll@!ﬂTad'ﬁW%'ﬁ%ﬂﬁ%Wﬁ%%Zl%ﬂad PIWNIAZITNA T

o A [y ° ) ;s'
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hy +D0g; =V < M(l—xoij) Vvo;Vi<N;Vj=0 (21)
vough +by; Vo,Vi<N;Vj=0 (22)

M(l Xou) Vo, Vi<N;VO< j<T (23)
Vo;Vi<N;VO< j<T (24)

Voiorja T By

0,i-1,j
Voij SVoigja t0

oij —

ou

0ij

ad Py ' ' P~ P = a A (A & al i
nItun 3 L&lﬂﬂ@&l‘ﬂa\‘lF_I’MW’mumegllLLUU%ud6] ‘YImEIq‘IhuOG] NUYWIALNILAO AN (LL@]N?J’]EIq&I’]ﬂ‘lIu) Luﬂﬂﬁ]qﬂvLaJNﬂ']i

v
A

A ad 1o & Y o v o o a o v o o A A & o o o
Famsmuwnnuzlunguls  lunsdid onalddududosiwuadadnaiiu ihesnndadinian ) sadudadine
dudinmanudainislinuninuzazilidadnian (22) usz (24) agfveauive (Boundaries) Liadin sl

. & oA x> @ o A A o o &
puwnuznduuug  wdeliiulaluaugndessauuudines elimsliulovis NSSR #33 SRR
dadnaf (25) uaz (26) i lUluuundaasdae lasdadinan (25) uas (26) azinmauaavasiwusuminusly
nasuumInuzENduLaznaIswNInuzluTIa U g anuiay WaliinsTamssuninuzngunug (Wufe
s x ;. uae z,; Al 0)

0ij oij

h,; — c,”_M(x

ol

Yo;Vi; j=0 (25)
Yo;Vi; j>0 (26)

0ij OI]

Voivja— Ve <M (x

ou ou

(2.2) wlauian1sda g unInwsii 293U uuULAEN 3112%91% (One-purchase-choice rule, OPCR)

uIzlmtlm‘s%amuW’mu:LﬁmgﬂLL‘i.l‘LlLﬁ&l’;ml"ﬁmu (One-purchase-choice rule, OPCR) Wisuiailounluung
dapwilives NSR (No-splitting rule) luﬂmu‘lﬁ’mﬂ‘il,ﬂ'éﬂuﬂﬂLLﬂuLﬂ%ﬂdﬁﬂi I@]ﬂﬂﬂﬂimﬂluLLdﬂﬁi‘ﬁWQ’ﬁuﬂ§WET(NO-
splitting-in-purchasing rule) IummzﬁuIUUWU NSSR (No-splitting-in-selling rule) AT luudmszreduniweg
wlowne  OPCR mansausadldasludodian 27) lasldsaniudasined (12) wnie fwualdfauys Xoi

a a a ' g; All A | g
LNENRLA BN Nz AL 1 VL@]

ZN:ixoij <1 vj<T (27)

i=0 o=1

(3) NIIIRUYLIUNIRIENLNINA1N D (Older-vehicles-selling rule, OVSR)

ulsonsuisunaunuiiananulononsiisunaununduduniwdgiiindy “Older cluster replacement
rule” (OCRR) ludyminisifounaunuuuurwiusaiaissins uasduulonnonswfsunaunuimanzauie
dmudlymanandis (Hopp etal, 1993) ulpmnanmsifsunaunuiizeandasnuisnisuy jodnuaiaguas

A o @ v a A = a o ed P A a o g P
naNla Hﬂizﬂauﬂqiuﬂﬁlzﬂﬂﬁﬁlﬁ]mﬂﬂLﬂﬂU%ﬁu'ﬂiWEJ‘Y]Lﬂ']ﬂ'ﬂﬂauﬂ']iLﬂﬂUu‘Y]@]LL‘ﬂ%ﬁu'ﬂiWf;l'ﬂl'ﬁllﬂ'.l'] uIEl‘]J']U

OCRR \uuloinsmudasunaunuinanzauiiga mulddasunddn (1) dunu o&m ludnisaaaniaaymily

ed a

lal J ) & 1 a v a gl v v
JIBENN YW maa@nn"mmq smu,ammamwmﬂmmﬂuaaaumwﬂwwaﬁmmummaua 1’]’111)\@]%1’!% O&M 184
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a s rd' ' 1 :: ' v a s (d' ' 1 A n' J A v A J
aumwm’tmmwmmmunu O&M BaIRWNINENLAN (2) mﬂmalsmﬂ‘wamﬂwwumamqmﬂﬂnmmwmu
' ) ' A A o a X \
ANBANNTIIONEY LA (3) HATINVBIAUYY O&M LLa:mmWSmﬂ‘wamm@mmamalqmﬂﬂmw,wmu ARBANNTII
v ) ﬂl U ) { lé ' L & U Ql A/ U U
0y oAl IaTNAY (Tr9a17 0) Tea1ananBnianiteladn MARVIUBBIAUNYH O&M mumqmﬂ"ﬁ
muﬁNamnm’m?aaziwu”az/whn”ﬂmia@awawhmﬂsmnmumqmﬂ%mu wataguNGRa RN b uaTeln
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% & =< v é v a L% 6 d‘ A d' 1 1 1 o v
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uwlyuns OVSR (#TUnsmingunIwdidusnuminus wisaniugUniniialasladuyg AinavInNuNINalaves
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Voi <My, vo;Vi<N;Vj<T (28)
i-1

Soinj <M @a- yoij) Vo, Vi<N;Vj<T (29)
i'=0
Yoij € 0.1} Vo, Vi; Vj (30)

o

dodrnaf (28) Mliaauds 01 y,; feudu 1 Halnsldouwmusilfizawdzia o oy i Tlunes

o

' . ¥ o P o o o A ' A o [ ¥ o
pwwnuzlutnnm j dadidaf (29) ey v, anldiveliliaainsnmssuminucilndnitld dadina

P = an o v a a a % °
1 (30) LLﬁﬂJﬂﬂﬂmauU(ﬂ"ﬂE]G@]'JLLU‘Eﬂ']‘E@]@ﬁuIﬁ]LLUU 0-1 yoij V]LWNL“U']N']I%LLUUQ']&QU

a & = A A a = v, A
luﬂ'ﬁ?Lﬂ57$ﬂﬂ75LﬂﬂUHW@]LLV]uﬂﬂGUqquﬁuzLLﬂzqﬂﬂijﬂiﬂ\‘lNE]LLU‘]JT%']% ANAINN 2 "ﬂzLﬁuvl.@]'J']LllE]
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| a ' { o a X | " w "\ a a o {
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d o A X 9 { { d
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[ v ]
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wlovnamsaaaulalfounaununinuande liUfsunaunuias (All-or-none rule, AONR) fia wlaunans
a a o e 9 ) s = Lo R R % a o & X =
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A ra @ s £ a wa 1 val a a 6 v 1 dy I A
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mia@muﬁamqmﬂ“nmmwwu @laa@nﬂ"mamqmﬂmm 5?””32%77’3\7&351’7451/@7% (‘27?\“’3@’777 0) @38 VBRNNG

14



maawmawaaﬁunu 0&M LLa:@hmyﬁmﬂ‘i’fﬁmﬂm%amwmﬁaﬂ'wnUmﬂluLL@iaxﬂzj’aanmﬁmvl,sjmﬂvlﬂﬂhﬁunu
o&M lugrsadsdnu 6’%0mﬂﬁauﬂm%ﬂ@“‘lumﬂmadﬂtymmsm’ﬁﬂuﬂmmmmwmumaanaamuwmux
Lwn:muwmu:ﬁm:ﬁmnéauga@hasmmm?ﬂwﬁaauiﬂG] (ﬁaaawqmﬂﬂ?@m 1-3 Tusn) mmzﬁﬁunu 0&M
U8 muwmu:lwﬁ'mawqé’anmwzﬁ@iﬂﬂgamﬂﬁfﬂ

#INulauny AONR 31 Ml Tl RUUNAUN WL UUTWIRVBINDILIUNIAKE WloUuHIziRualA a5
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U

v a { Y [ @ o o A A o o @,
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PIUNIAUSIRU AT B RUT I NIAARWIILARZTIS NILUTIIIATUABUAZTIINIADK ) ARBATZHZLIAN
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hyi = S Vo;Vi<N;Vj<T (31)
Vois it = Soi Vo;Vi<N;Vj<T (32)
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Tugauil ;ﬁ%ﬂvlﬁlmmmimaauLLﬁﬂmummmJ?iwwmmmmwmumaanaamuwmu: Wamiuans
Lﬂ'&"wwmmuﬁmm:auﬁq@ muldanunisaldng g uazinanaseunasasmslfulovianandfsunauny
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dwniaiiiimiedlananndayatiifldnununanglenaunwszunasiayadug ludywimesay
] & ] 3
TN s R aunaununas g N IRBE LU WIRIWIALA NNIA TZBZLIA1IIRHER

lutlywinasauawmaanaalyninIsiU REuNauNuNaI s T UM IR UL UM BN TT2821I81 LN IR NaY
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puW UGl sznaudmongueunnuzlienden 5 nqudeliany 1, 3, 5, 7 uaz 9 I wiadnbnieda nad
prunnuziindafuladivunaunueiuninuznniey 2 U lasaadulafounaunuouninuziingin

) ) g; ' ! o e A v 1 e U s

szl wdazngueuninuzloumnuziiwam 3 au Sallargnslinugeganiio 10 U 158an
faaa (Discount factor) Jasaz 5 s uwiruslraidsnan 1,000,000 LINAaA LLa:"L&iﬁiTaﬁwu@éﬁumqmaa
A & A ° > a ' AA A o o A o A
PAIBNIRUSNITTONTOVE  HRBATEZIANUKWYNAD 3 T udasdidSunamanudesnisldaen  aded
NI Iznaualg A1nesIn @Tunu 0&M dafilaluas LazanIMThEaNn (Utilization rate) lasudazilade
arfydunufduwldle 2 sUuuy dsuaasluannd 1 danu Jadanwnsainduldldvasdywmesavaweidnd

' € o A PN P &l v a o ) ~ P
ag 8 RDIUNITH @\17]&3@\31%@13’]\7‘” 2-N I@]ﬂﬂﬁm’mﬂ’]im‘ﬂ 8 ﬁ]zlﬂal,ﬂUGﬂUﬂ'}'}NLﬂuﬂiquﬂ'ﬂq(ﬂ
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0 1,000,000 - 1,000,000 - 3 3.44 20,000 20,000
1 946,315 5.37% 910,000 9.00% 3 3.53 20,000 20,000
2 892,630 5.37% 830,000 8.00% 3 4.75 20,000 20,000
3 838,945 5.37% 820,000 1.00% 3 3.75 20,000 20,000
4 785,260 5.37% 630,000 19.00% 3 4.81 20,000 18,000
5 731,575 5.37% 620,000 1.00% 3 3.82 20,000 16,000
6 677,890 5.37% 600,000 2.00% 3 3.73 20,000 14,000
7 624,205 5.37% 590,000 1.00% 3 4.91 20,000 12,000
8 570,520 5.37% 580,000 1.00% 3 3.83 20,000 10,000
9 516,835 5.37% 510,000 7.00% 3 5.02 20,000 8,000
10 463,150 5.37% 330,000 18.00% 3 4.05 0 0
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@197 2* WANIFWIMANTYRINARLTWIALEN

n) &aunsalnRansan ) ATHFIU
fduin @dranaan gunu O&M  dasaarsldou  enudagnisld  arduin OPCR OVSR NSSR AONR  dunusiu
1 [BiN[E ] AN A 300,000 1 Y N Y N@1) (5,274,136)
2 LiRIEN Aol auanudowala 228,000 2 N@) N N@) N@) (6029,619)
3 [LINGR] \Edseand auft 300,000 3 Y N Y Y (4,484,124)
4 [iSE ATt L‘i‘mﬂszinﬁ mum'mﬁowa‘ta 228,000 4 N(2) N Y N(@1) (5,567,627)
5 Wolsedny A9 A9 300,000 5 Y N Y N(1) (6,285,552)
6 Wolsedny Aol auaNUAvwala 228,000 6 N(2) N N@) N@) (7,023,553)
7 doilsedny  @vlsydng Al 300,000 7 Y N Y Y  (5,672,504)
8 Wodsedny  W@ivdlsedny  euanuiiowala 228,000 8 N(2) N Y Y (6,236,617)
a) eduld PNOR (The purchase-new-only rule) 9) 1e@uld OPCR (The one-purchase-choice rule)
d6ufi OPCR OVSR NSSR AONR HUNUTIN %-off.opt d16ui OPCR OVSR NSSR AONR guwnusyu  %-off.opt
1 - Y Y Y (4,799,023) 9.01% 1 - N Y N@) (5274,136) optimal
2 - Y N1 N (5,931,564) 1.63% 2 - N NI N (6,029,619) optimal
3 - N Y N (3,995,164) 10.90% 3 - N Y Y (4,484,124) optimal
4 - N N1 N (5,498,064) 1.25% 4 - N N1 N (5538030) 0.53%
5 - N Y N (4,185,659) 33.41% 5 - N Y N@) (6,285552) optimal
6 - N N2 N (5,257,707) 25.14% 6 - N N1 N (699,622 0.38%
7 - N Y N (3,385,302) 40.32% 7 - N Y Y  (5,672,504) optimal
8 - N N1 N (4,718,954) 24.33% 8 - N N@1) N@) (6,133,426) 1.65%
a) 119duldt OVSR (The older-vehicle-selling rule) a) 9duTd NSSR (The no-splitting-in-selling rule)
d6ui OPCR OVSR NSSR AONR HUNUTIN %-off.opt aeiut OPCR OVSR NSSR AONR  gunusiu  %-off.opt
1 Y - Y N (4,920,410) 6.71% 1 Y N B N() (5,274,136) optimal
2 N(2) - Y N (6,006,976) 0.38% 2 N@) N - N  (6,029,619) optimal
3 Y - Y N (4,095,679) 8.66% 3 Y N - Y (4,484,124) optimal
4 Y - Y NQ) (5,431,081) 2.45% 4 N2 N - N@) (5567,627) optimal
5 Y - Y  NQ (5,583,939) 11.16% 5 Y N - N(1) (6,285,552) optimal
6 Y - Y NQ (6,494,866) 7.53% 6 N@) N - N  (7,017,362) 0.09%
7 Y - Y N (4,290,347) 24.37% 7 Y N - Y  (5,672,504) optimal
8 N@) - Y N (5,419,762) 13.10% 8 N2 N - Y  (6,236,617) optimal
1) fi9duldt AONR (The all-or-none rule) af) ff9duldife 4 ulnwne: PNOR, OPCR, OVSR, NSSR
asuin  OPCR OVSR NSSR AONR HUNUTIN %-off.opt f16ufi OPCR OVSR NSSR AONR dgunusiu  %-off.opt
1 Y - - - (5,274,136) optimal 1 - - B N  (4,799,023) 9.01%
2 Y - - - (6,029,619) optimal 2 - - - N  (5,902,948) 2.10%
3 Y - - - (4,484,124) optimal 3 - - - N  (3,965,388) 11.57%
4 N(2) - - - (5,567,627) optimal 4 - - - N  (5415567) 2.73%
5 Y - - - (6,285,552) optimal 5 - - - N  (3,919,699) 37.64%
6 N(2) - - - (7,023,553) optimal 6 - - - N  (4,902,864) 30.19%
7 Y - - - (5,672,504) optimal 7 - - - N  (3,064,253) 45.98%
8 NR) - - - (6,236,617) optimal 8 - - - N  (4,320,803) 30.72%

wnawe: 1) Y wnade saaadasduuTanaiug N wunade liganadasduulaunaiug
2) tusausiuas OPCR, N(2) winadv lhizanadasiuuTaing OPCR asnnfinsdasunwmusiiuanstofu 2 uuy
3) luanusuas NSSR, N(k) wunade iganndadduuiamnea NSSR asmniinisutemaaiuwiviug K nau
4) luaausuas AONR, N(1) vanade lisanndasiuutaung AONR tuzhenail 1
* ilasannuTaina PNOR aghisanndasiunalugaiunisailag wntlaifinnstodulds luddseliuaasuTainadonaniuaise

A a & ° a P P> A P
nidigu  waveInsdgwdunannimueamlunsifsunaununassnuwninusimanzauige Wa'lidnig
Jiauldulovramadfsunaunula g @13190 2-2) Sswuinulauis PNOR uaz OVSR lizaaadasnuaaiwnisal
lag 1an lusmenulouns OPCR war NSSR aznuzaulladnnIbdanuasi (gawnsnil 1, 3, 5uas 7)
v 1 { { é
uluung AONR wzmanzawluifiaunnaniunsal sniiulugaanad 1 vasaniunisald 1, 2, 4, 5 uaz 6 (Fadu
a v A v v & 1 a ¥ A &a
HANNAMNNeIIWRIRUzENGY)  Kafl lduaasldiduiduuudanmslinuesd lusaunsnifi 1, 3, 5 uaz 7)

[

fidununuganihzdunudannisldnwiuldawenuiwelivedls Musnwmnisall 2, 4, 6 uaz 8) nadt

18



o

A & « A a A o & a A o ' ad o I~

iasnnInsudflniniazlivinsawnildigamidniuazgnldnuunnnilunsdindannisldnwduldan
= v

anunsnalavasyls

ulovrgmnydounauny  anagavtseulsulovronmsilisunaununidifazulovnsluiuuiiass

adamansvastymmaseuswiaini  luansefl 2-a Sauaasnavasmatisauldulmng PNOR aufiuin ilald
gﬂLLuumiLﬁamwmmeﬁ?uma %aUa:maan’mﬁluﬁumaaﬁunmamwnmﬁﬁﬁqm:ﬁmﬁ’] wingy WUUBATINNILY
nuduldauanuianalazasls (ugoumsoidl 2 uas 4) uasfidrhunans wingUuuudanmsldnwduuuy
a9t (uaorwmsnld 1 uaz 3) LwiLfiai%gﬂLLuumSLﬁ'amwmmm% (&0 307 5-8) Jonazasmainduues
ﬁunuiaumﬂmﬁﬁﬁqm:fgoﬁumﬂ wananit azinledn wlovns PNOR uulpuneflimanzay uiudlu
TywmaseuTIaldnAdszozmnunuau  wlow1e OVSR (131971 2-9) Flknalurimendaiu udezdfes
a:‘uaamnﬁ'w%umaaﬁunusaumﬂ@iwﬁﬁﬁqﬂvlwmﬂwhﬁ'uNﬂﬁ]ﬁﬂﬂﬂiﬁaﬁulfulﬂuwu PNOR wuananil azdaing
l&d7 dlefinslduloune OvsR uda wlouns NSSR ﬁ]:L'ﬂuuhmUﬁmm:auiunﬂamum‘srﬁﬁﬁaﬂimﬂﬂ@”’sU
T vnﬂiﬂ”ﬂs:naumiﬁaamﬂﬂﬁUum@Lmumuwmu:l,mﬁaul,l,a”a ﬂ'mmmlmuwmu:ﬁ?uﬂ ﬁy'amg'u Taelaiugis

P18

wlguny OPCR (@137197 2-9) uulovnafmanzanlu 5 sorunsaiann 8 aanunsal lasflugaiunisain
9 a o A £ @ \ dad A ' o 'y '
ulawne OPCR lilgulomnafiviinzaw Sauazvasnsiiniusasdunuinandndfigader linniin (dound
Fauaz 2) usasliiAauin wlauns OPCR hazduulovnsfimanssalnBaUud s msuulouis NSSR (a13797
P& A ¢ A e a9 A Ay
2-2) wuidunlovnefmanzanly 7 sonunmsal lasdluaawnsaifulousililsulouefmanzauniasas
A X @ \ Adad ° o & & & A a a wa
PoIMIANTUVBIGUNUTINNANGNFAE asuu wlpuis NSSR Avranduulouiofwinzasluidl jua
iuin wanani dunaladi luaniunsaldl 2 dununusemndigiuusnsdininaiduls NSSR Sdurinniu
warmuanadsunaunud ldeneiu usasihifnuemadfsunaunuimainzaufigasnnndy 1 oy

mifiwlous NSSR hilsulsunsfmanzauiigalusniunisain 6 azdunainanninnsdaiulagfon
& Y ™ o ¥ ' <o { o a @ v A
naunuguN Bz nuUSINmanNdaInsliadnmn nande laemily Aszaudianaenadaimslinieg
nduvaItUNIUzIaz NIy winwuh liduanluduarsgasad luwinmineusuasdatSinmanudaims
' A A A A a o ' A ' & ' a & %
IHlugrsnafiwde WoSouifisuiundueuninuzdung  udluuieds mwdansounnuzaiaiadule
wihnguvassuwInuEnuLNYNeY (Split-sold cluster) ﬁmméjuﬁﬂm%aLﬂ‘a‘wgmam%ﬁaﬂﬂdwmjwmuwmuzﬁuﬂ
fiwdaay winngueuwwinuzignuisnsuuiienaduarlwdaassgamaaininninguounivuzlnl (21g 0 )
A A o < A ' P ' ' A o v A v A

wiaaninikfa nduvassumnueignuiansazgnaelduvduuazmtadwusuwmus il iidnwa
damsnauanaIlSuImANNFRINIITIuEIRATNAYINIY  BNAI8ENLTY dundngusuNIARENgNLLIN8N
fiogmialFam i eglunassnuwmus uazli d| (ss;) wnutBinmenudasmslindaneeguszaaninaauaued

'
A

lddsngusuwimusignudsnsnfengmildnu i lugsnn jusz u; wnwdanmildnusasuninuzid

1
'
a o

mqmﬂ’ﬁmui ﬁhmumuwmu:'ﬂmﬁasluna;umuwmu:ﬁgnm.ia*’mﬂluﬂaomuwmu:a:ﬁa‘hmuwﬁnu
d;(ss;)
u.

a

s o o A P oA % . =
muﬂummumuwmu:wuamq@m:mmsnmauauamaﬂimmmwmaamﬂ’ﬁ’[umumwmlu

19



' M v \ a A o A A A A 1% o v 4 o
DINLINN jvlaﬂ LL@IIWJJ’Nﬂ’Sm aqﬂuﬂq‘mu@lﬂqilfﬂaUu'ﬂ@uﬂuﬂL“quﬁu'ﬂﬁ;(ﬂ'ﬂﬁa(ﬂﬂﬂﬂdﬂuulﬂlﬂﬂ NSSR VL(ﬂL"Ijuﬂu
P a o ' & ad & ' v A a Y % o o = (]
mdﬂim(ﬂdﬂmnnﬂuﬂimﬂﬂﬁ‘ﬁaEJ’]%WW%%ZI%;J&I’]I‘DLWa(ﬂaua%adﬂiuﬁmﬂﬂ&l(ﬂmﬂ’]ﬂ"ﬁﬁ’m%Ud“ll’]@]&lﬂ’:ﬂ&lq&lﬂ’]

lwBsarsgeaaiinninisudansnguouninusniiag

U

fusuulouiy OPCR fazasunulunsdinsmseiuninu:  sunddinfasannmsaefuladopiunivue
Wed 2 gduunanldanu fa swwmuzlnd (01 0 D) by wazpnuwmuzeny 18 by aun@dhewwinuzlng by

= ¥ ' dl ' a v v ' v | a2 v Y dl
flanududifiazaauauasdolIunmanudosnslduinniy uazlid d; (b)) WuwdSanmanudasmisldaun

aanInaauauadlddanguiunmuz by Tutsna juaz U, iuunudannsldnuueasngueumnue by

v dJ(bO) & ° = A A v a o ° = < & % ° @ &
nn —— Lﬂu'ﬂquﬁuL@]NﬁjaNﬂqiﬂaLﬂU\Tﬂ‘ULa“ﬂfiﬂ%')%lﬂﬂllll']ﬂ"ﬂ%ﬂizﬂx‘]ﬁ']N']iﬂ'ﬂ@]ﬂ'l“ﬂuvl(ﬂ "ﬂ%ﬂqlﬁﬂqisﬁa
Uo
' o d] (bO) o o ° = a P = 'Y o
&l'mW’muﬂ%mﬂu'm —_— uq“ﬂ'] ﬂq'ﬁu@]ﬂ'lil,ﬂﬂU'Ha"ﬂﬂLL‘Y]'H"/]Lﬁuqzﬁu‘ﬂa‘;ﬂﬂﬁlzﬁaﬂﬂﬂﬂ@ﬂu OPCR
Uo
A A & ~ a % ' dj(bO)d. | &l o = I,
nanIna NﬂqisﬁﬂﬂqquﬂuzLWﬂ@zﬂLLUUL@U?NWITGW% LanIN —— Nﬂ']VLNL‘]Juﬂ']%'JuW]N LLﬂzvlilﬂﬁJﬂ'] an13
uO
& ‘o d](bO) [ & o < LY} ' <A
‘]jaﬂqquﬂu$1%3\l"ﬂ']%'lu —— | U NMITIYTUNINUL 2 EﬂLLﬂﬂquﬁﬂquﬂﬂxﬂNﬂqﬂjq (Bwuao %IU'U']U OPCR
u
0
vL | & A I & sL Vo dj(bo) ) & A o o A ' \ A
NL‘U%"%?G) AHAICDBYTUWNIRUS LRUAIWIU | —— | A LLazsﬁaU’]uW’]'ﬂuzaqq 1 Ydrwaw 1 aurIauInndn in
Uo

o

TFINNTOABLEUBIAUTHUANNARINTIELUE NN 30 ke ndg1INanInd ;ﬁ%’ﬂ%dmuadw winulyuny
OPCR laiiiluasusn ﬁhmugﬂLLuumaamuwmuzﬁ%aml*’ﬁmﬂuﬁmu@mmﬂﬁﬂu‘nmmuﬁ mm:amﬁqm:ﬁ"l@”
BENINNLNE 2 EﬂLLUULVi’l‘lIu

luan37199 2-7 ugasfsnaraIn13Iauls AONR Ssauf lanaiuiuaitnean Tasuadves AONR Inazll
WwaSslulywimadfounaununasenuninszuuuawn vnlwulouns AONR ldsazimanzaunudynii ue
anmsnasaulisnuls AONR ludgminmsidfsunaununas s uwinusLuuamwawmaian woindiaauf o
dununufidnfiga denviiudunuanlunsdigou uddmnuemadasunaunuimanzauigauandanuaniay
(wuda dymTdaeundnganasdiney) aanu wlouis AONR araduulbmnsfinanzaufigadniodywing
a g o 4 v A €
wWasunaununassumnuziuLImURA L Sarzdasigatea’ly

v
o

RRTUAITIN 2-1 waaInInavaInIsuInultulauneny 4 wlaurawsauns Aa PNOR, OPCR, OVSR Wa

'
= [ o

1 U Q‘ ! U { { > > U
NSSR wuiilfasazuaamaiulnyaIdunuiuan wﬁawq@ﬂmmﬂunsnﬁﬁubmﬂ PNOR gﬂmmﬂ:ﬁ LA
8
]

@
a
@

v 1 U Q‘ ! U 1 { Y ¥ 1 > > U
T¥AnIN FouRz1aININNTUBDIGUN UTININAINEN aluanTIBinazinauInanmstsaulsulouny PNOR

vunan

20



TIN5 R IUNAUNHABILNHN KB UL LTWIRIWIA IR AN A TZ8ZIIA1IUNKEN?

o

' o
1 a =

ﬂm“qﬂ@ﬁaﬂmadﬂmﬁqﬂqil,ﬂaEJ%V]@LL'ﬂuﬂaﬂﬂqquﬂuzLLUU“U%']%“U%']@IV\@V]Wﬂ']smquﬁjzﬂzlﬂﬂqjqﬂLLN%
@ a = ¥ v A 'Y <,
WIBLNINY 20 "Ild_] I@lﬂﬁlll]@?qﬁaﬂﬁﬂiﬂuﬁlﬁﬂqqu“uz 2 LLUUluﬂqiiﬂﬁJiﬂ’]S@lﬂﬂq ai’] 50&]%@7%\1@3%1‘!@@@‘
(Sedans) warInauAalunUTzaIA (Sport utility vehicles, SUVs) adfnsanansadszanadSunmanudainisls
VA gy a & a % @ % A o
U’mW’muﬂuLL@la:ﬂvLm@EJ11a@li’m’lil,wu"lluwadﬂiu’lmﬂ’l’m@E]Gﬂ’]il“ﬁﬂizu’lmiaUﬂ: 5 6ol FIWIULIUNIRE

SUFULAzUT I MANNABINI TS AULEAI L UANT19N 3

AN 3 NEILIUM AU VAULAZUS UM NNABIN I TITUAY

011 (D) 0 1 2 3 4 5 6 7 8 9 10 ANUGBINTIT

mw@’ﬁadwqma - 25 25 25 15 15 15 5 5 5§ -

. . 8,190,000 AlaLuey
TnuuGaLNYTTRIA - 25 25 25 15 15 15 5 5 5 -

lunit sun@linandasnsudiasiuyanalnailulf 0 1ihAu 789,000 v wazTaTasnoudaiunilazad
Iwal i1y 1,219,000 U Famantudunavasanuud Honda Civic ez Honda CRV jull 2009 lullw.a. 2552
al v dw a QI J A ] QI U 1 = a v dl
ludszinalng  sun@ldnerdasuwimusiidannsialne (M3aaaas) hnufess: 3 dal uaslidunuasily
J 1 | ] a L 6 g U 1 d‘ v : Ll a ' d‘ :’ =
nm3feluudaziivihiin 10,000 v Ta9iu asdnsitlfudouwinuealdihduuudu wditasanmaningu
a val a a ;3/ 1 ' A = L [ =S va L% s :3' a A
widuldindiudgiinedidaifiasuazianuduniuun asansdsldRasanmislindinugamdmiaion
laglaRa1 TNl e A w53ININAoa (Compressed Natural Gas, CNG) uazfnoillasiiuuinal (Liquefied
~ v & A v o oa M & a { ¥ o
Petroleum Gas, LPG) @iluilagtiu Afvisndnininsudnaoneflduiasnsudnanunsaldnasnuniuian
o ] J Y v = o L v U ™
sanindmihisluamainniu  wenanil lesnsudndmanninsud aaudsdliaannlindsnunaien
ld@ndan  andays m Fudeuiunan dw.a. 2551 wuhdsnoudnaanzidoununsuniszudinsuniiaunm
1% LPG 1uiTatwdsnnnianin 500,000 ALAZIDUUGNZINITOLET CNG Bnifiay 100,000 A1 (F11NIAT=ULNNT
PUFINWUN, 2552) MIRaasszuunsls LPG fidunuiviniy 42,700 ndaduuaznifaadszuunisls CNG 4
FUNWYnAL 64,900 wndadu (Tayanandaasszuunsldmaunudaluaiosoud 4 guanuisn warieni
Bwaeiinia e lutrfauningiau w.e. 2552) Fannmidimanuhdununisdaainnguiaanidn g axd

o

Mnalndidpsnulinandrsnunin nifiiflesndnsudiduidendioguuss  luid iielddyniitedanis

=3

a7 {39839 la NN AINIIAIToIIUNIR LN EINITD LT WRIT UM RN ld FavinnuIanGa s wnInue G

U

a '

INAWUUTUDE19FEY VINNUTIANANFANITZULNNTIENRINUTBLNRINNLREN

lullywinasevswalng i fnualdergmisldnugigasassiuwinug iy 10 I uazldlszanmnanda
PTWWIRULLTINLAZ AN UTINIINTIAAAATBIT0UUA Honda Civic uaz Honda CRV fitlszmeansluasadauns

paulaiweduivn Tu v anf $1ria lutrafeunsngiaw we. 2552 a1397 4 usasemeonfidszanaldluzy

v =2

Souazaadnaniaudn  HsuwdidnsmnsuninuzazaanIadszanaldannmsienzinmensy (@snuaadln

K
AadA A o

P 1 v A v o a 13 =
nwd 4) udlund dadsldRenldemsmnidngaluamalummaesaudyminisiienzinaddsunaununas

= t!ll ' dl o va 1 vV dl = =
HIBNIVRUS NIWEWBIIINANUIN 3’1ﬂ'l‘ll'lilsﬁ'lﬂF.I']%W'I%%ﬂ%ﬂitLﬂﬂvL‘YIUﬂa'li?ﬁ]vlﬂ&li’]ﬂ'lﬂﬂ%"}.l'ldg\‘i Waltdssungy

21



Auludsdszna wilunsdinowwnuziiimnuds  wananit aamensudlfudludzmalnodolilalddaya

EINUENINENBNIRBENI UL u,a:ﬂ'%mmmﬂ"ﬁmuamwaamuwmu:ﬁ'ﬁmuwﬂszﬂau A9 ﬂ’]iLaﬂﬂl"i’f

' Ao A ' o < o, ' A o A e ' a '
drnpmnfidngaluaainazsislimuniniulalai dransanfisulslunmsiienzsida ligainly uazla

& o

ehwaiﬁamnsm%ﬂmLﬂ'é'wmumumuwmu:ﬁ@wm@

AN 4 AU ITIANTIDIN EI'I‘H,W’M%?.:FI,%EII%B HRZVDIMAINA W

01 (1) 1 2 3 4 5 6 7 8 9 10
snnuﬁﬁaa&mqﬂﬂa 90.7 834 828 632 622 602 591 590 512 332
INUUADLUNYTERIA 910 833 721 689 603 589 566 47.0 465 454

Market Prices of Used Vehicles
1,200
* *
*
__ 1,000 . °
2 :\ y=-63.854x+ 1004.2
2 _

< 800 ® R 0.8778

c

3

3 600

g ¢ SUvV

® 400

S y=-53.685x + 809.46 " Sedan

200 R2=0.9041 -
0
0 1 2 3 4 5 6 7 8 9 10
Age (years)

NN 4 INaaaIs T uNIRUe I TLa Il szina lngy

AN319N 5 LEAIDATINITITLTALWEIVRI WA IY 1asdaInnIThE LPG waz CNG NLaaddh b u13Inms
Uszanansandayafl ldnunuinamnuaounss nisnauaaiiiia anmafuteyadisaueivedglisn wazan
mInaseudulaTiuuwriasnunnslmilissuazuaniflaslasaantiudrig  lusnunnusifinsaaudadinIassud v
NI LTWRINUNINFEN b AxdaITm I TIN T UnTWIUTISUARAI UG 9Nk USun T T i unGuln

AN A z o . e A e d¥ 4 -
PIUNIRULLAE a:*’uuaQnummumﬂummmﬂ%muu@i‘mﬂmﬁ:ﬂ:momsﬂuu'ﬁ wei b s nUSumnns
IFusuninuzlassinbidenuenn aanu lasdond? Suuasslunsdaiaiasoud wasUSumnnslsingu

P’ " A =< ) ' o o = o Aa o a o

wudu) daflawarisliiiazuandsnuunin Ssmunnaylanldouninuenindaudaaiasoudlils

> =} v = U :‘ L =Y L v 1 &) a U :’ L a

NRINUNI RN e R UTu Il Tvin gy ndusl HnayTzuens e laguszunadnduySuramnsiri gy nds
1 U al g U a) v U g a QI J v U

ma"qm:s:mamﬂmmu 1 Alawwas  lund laguu@laaannsihramwdininiosa: 4 nns:ﬂ:mdmﬂmm
30,000 AlALNAT LATAATINTFEINUVBILIUNIRUENG 2 wuuRa lnSauInT Lm:Lﬂuvl,iJ’lugiJLmumﬂ%a'mmu

v v Qs g; L v g a AI &/ v 1
anuanelazasdld (@auegmsldnuin) asu danmilfizamdvessumnnuziaiuduiosas 4 lugsangy

22



= A X a Y ' A & A A A o ) & Al o
0-6 TUIN LaslNNUULNDITDRS 2 1%mamqwmnmu V99N TUSH NI uaaaERs  WanaNT FNNALY
Q a a o v v ¥ a U a a J v
muwmu:ﬁmi'ﬂiuﬂ?aﬂi:ammwnmau 4 7 vlwaunsaltideindslaidssansnwinsaua: 7 lagns
v &, a & a A
ﬂsuﬂ@aﬂsamq@mwﬂuﬂw 0 VBITZHLLININIUNG

AN 5 AU IENN VI AN LTI TBLWEIV ILUWR L b

AATINI LB TALNR IV ILTUN IR U LA

W Wdwuude  LPG CNG idwuudn  LPG CNG
(n.a./a.) (Ma/a)  (na/n.n.) (8./n.3.) @®./na)  (n.A/AAL)
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ABSTRACT

Parallel replacement problem deals with determining
an optimal vehicle replacement schedule within a
planning horizon that results in a minimal total cost
of owning and operating a fleet of assets, such as
vehicles, equipments, or machines. In this paper, the
problem under study consists of a fleet of service
vehicles commonly owned by government agencies
and private business organizations. The vehicles vary
in their categories or functions, ages, and cumulative
mileages. The paper focuses on new aspects of the
problems, including considerations of alternative fuel
types and a new pattern of user demands. Alternative
fuels considered are natural gas and liquefied
petroleum gas, while the new pattern of utilization is
called dependent usage pattern where periodic or
yearly usages of vehicles depend on their ages and
cumulative mileages. Mathematical formulation of
the defined problem that incorporates these new
factors is provided. A numerical example is provided
to demonstrate the problem and some preliminary
computational results. Insights learned about the
problem are also discussed.

KEYWORDS

Parallel replacement, mathematical model, utilization
patterns, alternative fuels

1. INTRODUCTION

Replacement problems involve determining an
optimal replacement schedule that results in a
minimum total cost of owning and operating an asset
or a fleet of assets over a finite or infinite planning
horizon. In general, assets may be machines,
equipment, and/or vehicles, whose performance or

efficiencies deteriorate over their useful lives. When
assets get older, they incur higher costs to operate or
be utilized. These costs include operating cost (e.g.
utility, fuel), maintenance cost (e.g. part replacement,
scheduled or preventive maintenance), repair cost
(e.g. machine or its component breakdown), fixed
cost (e.g. taxes, insurance fees), and other overhead
costs. Such higher costs combining with less
efficiencies call for the asset replacement.

In the literature, there are a large number of research
studies related to the replacement problems. The
serial replacement problem of a single asset is well
studied; see, for example, Fraser and Posey (1989),
Hopp and Nair (1991), Bean et al. (1994). In
multiple-asset case, replacement decisions must be
considered in parallel because assets are
interdependent for one or more of these reasons: (1)
they exists to satisfy a prespecified level of demand
(Hartman, 1999), (2) their replacement compete for a
common pool of limited budget (Karabakal et al.,
1994), (3) economy of scale associated with asset
investment costs (Jones et al., 1991; Hopp et al.,
1993; Tang and Tang, 1993; Chen, 1998). In other
words, parallel replacement problem involve trade-
offs between the capital expenses of acquiring new
assets, capital gains from salvage values of old
assets, and the operational costs of new versus old
assets. Recent studies on parallel replacement
problem with various problem characteristics and
settings can be found in Rajagopalan (1998),
Hartmann (2000, 2001, 2004), among others.

From the real application standpoint, parallel
replacement problems occur widely in  many
situations. Examples are government agencies or
private business organizations that maintain fleets of
vehicles and equipment to satisfy public service
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demands (e.g., transportation or performing specific
tasks). Vehicles in such fleet can be organized into
classes, where a class may be categorized by size
and/or function. Within a class, vehicles are usually
varied in their ages and cumulative mileages. This
variety directly effects on preferences shown by the
users in that they more often select newer vehicles. In
other words, usage pattern in some actual situations
can be stated as follow: given various vehicles
available to provide the same service or function, it is
the newer ones that are generally preferred. When
replacements decisions are made, the effect of this
usage pattern should be considered. That is because
as older vehicles are replaced by new vehicles, the
new vehicles become the most highly utilized, which
in turn affects their cumulative mileages and
operational costs. Dependent usage of vehicles is
strongly inconsistent with an often made assumption
in many studies in the literature that the operating
and maintenance (O&M) costs is a non-decreasing
function of age. That is because the more the new
vehicles are utilized, the more O&M costs they incur.

This paper aims at bridging the gap between the
parallel replacement model in the literature and the
real problems that exist in industry. The focus of the
paper is particularly on the replacement of a fleet of
service vehicles. Although targeted at vehicle fleet,
the model is applicable to other applications with
similar characteristics. Some real-world aspects of
the problem will be considered, including realistic
user demand pattern commonly found in service
vehicle fleet, the current situation of high gasoline
price and the availability of other cheaper and more
efficient fuel alternatives, and some replacement and
purchasing policies often made in replacement
decisions. More specifically, the objectives of this
paper are to clearly define the problem characteristics
and formulate it into a mathematical model that
captures these aspects.

The remainder of the paper is organized as follows.
Section 2 explains in detail the characteristics of the
problem and the motivation behind them. Section 3
presents the formulated mathematical model of the
problem. Then, in Section 4 a numerical example is
presented to demonstrate the problem. The problem
instance is solved to optimality to gain some insights
about the optimal replacement solution. Finally,
conclusion and future direction are given in Section
5.

2. PROBLEM CHARACTERISTICS

2.1. Utilization patterns and cost
assumptions

In the literature on parallel replacement problem, one
of the commonly made assumptions is that the
operating and maintenance (O&M) cost is a non-
decreasing function of asset age (and/or cumulative
utilization). That is because assets would require
more repairs and maintenance as they get older. This
assumption is valid for most real world applications
when asset age has no effect on the user’s preference
(e.g. machine, equipment, and engine) so that the
utilization rate is approximately constant for all
assets. However, in the case where assets are service
vehicles, the constant utilization assumption may not
hold true. This is because newer and less utilized
vehicles are selected for use with higher user’s
preference. With this utilization pattern, the O&M
costs may no longer be a non-decreasing function of
age and cumulative mileage. Thus, an important
aspect of the problem is to study the problem that has
utilization and cost parameters governed by
dependent usage pattern.
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Figure 1 Comparison of usage pattern in actual situations
and commonly assumed in the literature

The motivation for studying this utilization pattern is
from real fleet data obtained from an organization.
The data set contains 8 years of utilization and O&M
costs data from a class of vehicles (177 passenger
cars). A relationship between the average utilization
per vehicle and their ages from this data set is given
in Figure 1. Note that the average utilization of
vehicles at 1-year-old is less than that of the 2-years-
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old because not all brand new vehicles were
purchased at the beginning of the year. The
decreasing trend of the average utilization with
increasing age, called “dependent usage”, is
evidential for this real data.

Moreover, the corresponding O&M costs of these
vehicles consist of operating cost (fuels), fixed cost
(insurance and other fees), and repair cost (part and
labor costs for maintenance and repairs). The trends
of these costs, as well as the total O&M cost, are
shown in Figure 2.
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Figure 2 Actual trends in average O&M costs vs. vehicle
age

It can be seen that,

— The operating costs tend to decrease with age, as
older vehicles have lower utilization, therefore,
less fuel costs.

— The fixed costs also seem to decrease with age
because insurance and other fees are subject to
the vehicles’ values that depreciate over time

— The repair and maintenance costs appear to
increase with age since older vehicles need more
repairs and maintenance

— The total O&M costs follow a non-linear pattern
during early ages, then tend to decrease later with
age. This trend evidently shows that dependent
usage pattern that usually occurs in real data is
not consistent with the non-decreasing O&M
cost assumption often made.

2.2. Alternative fuels

The continuous rise of gasoline price over the past
few years and the availability of other cheaper fuels
motivate the decision makers to contemplate using
alternative fuels for service vehicles. Vehicles that
can run on new, lower cost, and high efficient fuels,
such as natural gas (NGV) and liquefied petroleum
gas (LPG) are being seriously considered as new
challengers for replacement to gasoline vehicles in
Thailand. Thus, a new aspect of the parallel
replacement problem under study is to include the
use of alternative fuels. Projected fuel prices, useful
life, and O&M costs of the new challengers are
parameterized into the model to investigate the
impact of alternative fuels on optimal replacement
schedule. In addition, modifying gasoline engines in
existing fleet vehicles that would enable them to use
these alternative fuels will be modeled as another
decision options in the replacement plan.

2.3. Decision policies

Two common decision policies are considered:
replacement policy and purchasing policy. For
replacement policy, intuitively the decision maker
would replace older vehicles before newer ones. This
policy is known as older cluster replacement rule
(OCRR). Hopp et al. (1993) proved that the OCRR is
an optimal replacement policy under assumptions
that the O&M costs are non-decreasing functions of
age (implied constant utilization pattern), salvage
values are non-increasing functions of age, and
together they are non-decreasing (effect of non-
decreasing in O&M is stronger than effect of non-
increasing in salvage value). However, this rule may
or may not be an optimal replacement policy for a
fleet of service vehicle under dependent usage. Thus,
the problem with dependent usage pattern will be
solved with and without this rule to investigate their
effects on the optimal solutions.

For purchasing policy, many organizations use a
policy that purchases only brand new vehicles,
although allowing used vehicle (1-3 years old)
purchases may be economically better. One aspect of
the problem is, therefore, to examine the effect of
this policy on the optimal replacement decisions and
their associated total costs by solving the problem
with and without enforcing new-vehicle-only
purchasing policy.
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3. MATHEMATICAL MODEL

The mathematical formulation for the replacement
problem defined in the previous section is presented
in this section. The model is a modification from the
model proposed in Hartman (1999). The main
difference is that, in this model the utilization per
period for vehicles of the same age is subjected to
known users’ demand (dependent usage pattern, in
this case), and thus, is a model parameter; whereas in
Hartman (1999)’s model, utilization is defined as a
decision variable (i.e. assuming the decision maker
has controls over operational decisions). The model
is an integer linear program based on the following
notations.

Index sets:

i vehicle age, i = {0, 1, 2,..., N}, where N is the
maximum useful life of a vehicle

i period in the finite planning horizon, j = {0, 1,
2,...., T}

0 fuel option, o being 1 denotes the gasoline fuel
option; and o being 2,..., O denote alternative
fuel options

Model parameters:
f discount factor per period

Pijo  unit purchase cost of a vehicle using fuel
option o at age i in period j

K fixed purchasing cost in period j

Cijp  total O&M costs of a vehicle using fuel option

0 at age i in period j; this total cost also include
insurance and tax savings from depreciation

mijo  cost of modifying an existing gasoline vehicle
to be able to use fuel option o at age i in period

j
rijp ~ capital gains from selling a vehicle using fuel
option o at age i in period j

Uj utilization of a vehicle at age i; this parameter
captures dependent usage pattern

d; total mileages requirement for the fleet in
period j

hiv,  number of vehicles using fuel option o at age i
in the initial fleet

Decision variables:

bijo number of purchased vehicles using fuel
option o at age i in period |

Xijo  number of vehicles using fuel option o at age i
that are in the fleet in period j

tic  number of vehicles that are modified to use
fuel option o at age i in period |

Sip humber of sold vehicles using fuel option o at
age i in period j

Z; binary variable, which is equal to 1 if a
purchasing order is placed at the end of period
j, and 0 otherwise

The mathematical model can be formulated as

follows.
T-1N-1

o)
Min Z f J(pijobijo "'kaj) 1)
0=1 j=0 i=0
O T-1N-1 L
J+
D)W IHLEN
o=1 j=0 i=0
O T-1N-1
+2 2.2 Fimyety,
0=2 j=0 i=0
O T N
=222 T s,
0=1 j=0 i=0
Subject to
ZZUIXUO >d, Vj<T )
o=l i=0
by, — X =0 i1=0;Vj<T;Vo 3)
hi, =S =0 i=N;j=0;Vo (4)
hi, =X =0 VO<i<N;j=0;Vo (5)

Xi 111 T By — Xin

o
- ztijo —Sijp = 0
i=2

VO<i<N;VO< j<T (6)
Xi—l,j—l,o+bi = Xijo +1jo =S =0
VO<i<N;VO< j<T;Vo>1 (7

i=N;0<j<T;Vo and
Vi>0;j=T;Vo 8)

Xij10 ~ Sijo = 0

ijo

by, <Mz, Vi<N;Vj<T 9)
Bio + Xijo i1 Siio € {0, 1, 2, ...} Vi;Vj; VO (10)
z,e{0,1} Vj<T (11)

In the model, the objective function (1) minimizes
the total discounted cash flows including purchase
costs, O&M costs, costs of modifying fuel options,
and gains from salvage values. Constraints (2)
specify that the demand is satisfied in every period.
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Constraints (3) enforce that all new purchased
vehicles must be placed in use. Constraints (4) — (5)
indicate initial vehicles in the fleet. Constraints (6)
and (7) are flow balance constraints for fuel option 1
(gasoline) vehicles, and for the other fuel option
vehicles, respectively. A flow balance network for
vehicles at age i in period j is provided in Figure 3.
Constraints (8) sell all vehicles at the end of their
useful lives, and sell the whole fleet at the end of the
planning horizon. Constraints (9) guarantee that a
fixed purchasing cost is charged when a purchase is
made in any period. Finally, Constraints (10) — (11)
declare decision variables.

In-use from last period

Gasoline

vehicles

Purchased vehicle o=1 Sold vehicles
bij1 Sij1

In-use this period
Xij1

Modified|from gasoline
to fuel pption o, tj;,

In-use from last period

Other fuel
vehicles
Purchased vehicle 0=2,3,.  Sold vehicles
bij o Sij o

In-use this period
Xijo
Figure 3 Flow balance network of vehicles at age i in
period j

The dependent usage pattern is included in the model
through parameters u; and cjj, by specifying that u;
and all costs associated with utilization (i.e. fuel
costs, repair, and maintenance), which are parts of
Cijo, follow non-increasing functions of age. These
two parameters are estimated at the outset of the
model.

Alternative fuel vehicles are incorporated as
challengers for vehicle replacement (using bjj,), and
as alternatives of modifying fuel option for existing
gasoline vehicles in the fleet (using tij, and m;j).

The OCRR optimal replacement policy is enforced
by adding Constraints (12) and (13) as follows,

0
injo < Myij
0=1

Sizjo SM@Q-vyy) Vi<N;Vj<T;Vc (13)

where y;; = 1 if there exists vehicle with fuel option o
atage i in period j in the fleet, or O otherwise

Vi<N;Vj<T;Vc (12)

Finally, the new-vehicle-only purchasing policy can
be applied by simply adding Constraints (14).
by, =0 Vi>0Vvj<T (14)

4. NUMERICAL EXAMPLE

4.1. A problem instance

A small example is presented to demonstrate the
defined problem. In this example, a fleet of 126
gasoline vehicles provide services to its customers at
a total demand of 3.5 million km for period 0. User
demands are set to grow at 10% per year. Average
utilization of a vehicle is age-based and subject to
dependent usage pattern (e.g. a non-increasing
function of age similar to Figure 1). The maximum
useful life of a vehicle is 10 years.

There are three types of vehicles for replacement
based on fuel options: gasoline, liquefied petroleum
gas (LPG), and natural gas vehicles (NGV). Fixed
purchasing cost and unit purchase cost of a new
gasoline vehicle are based on a market price of a
1,600 cc passenger car. Future unit purchase cost is
inflated approximately at 2.5% per year (from
national average consumer price index). Unit
purchase cost of new vehicles using LPG or NGV are
higher than that of the same gasoline vehicle by their
costs of modifying gasoline engine to use other fuel
options. The modifying cost is approximately at
15,000 THB (Thai baht) for gasoline engine to use
LPG, and at 40,000 THB to use NGV.

Average operating costs (i.e. fuel costs) per year are
age-based according to dependent usage pattern and
fuel prices. Future gasoline price is projected linearly
based on recent gasoline price data, while future LPG
and NGV prices are assumed to remain proportional
to the future gasoline’s prices. Vehicle models are
assumed to be revamped every four years and would
reflect in 7% savings in fuel consumption. Insurance,
repair, and maintenance costs are all age-based, and
are estimated from recent data from vehicle insurance
agencies and car dealers, as well as historical fleet
data. These O&M costs are also assumed to increase
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slightly every year that vehicles get older due to
deterioration.

The vehicles depreciate over its useful life of 10
years with depreciation approximated from consumer
price index. Every vehicle is assumed to be in-use;
therefore, no inventory carrying costs are incurred.
Discount factor is assumed at 5%, inflation at 3%,
and marginal tax rate for capital recovery at 34%.
The problem is solved for a finite planning horizon
of 20 years.

4.2. Results and discussion

The problem instance was solved to optimality using
CPLEX 9.1.2 four times: including and excluding
OCRR in combination with using and not using new-
vehicle-only purchasing policy. A close examination
at the optimal replacement solutions suggests the
following.

OCRR had no effect on the optimal solution, i.e.,
older vehicles are always replaced before newer
ones, regardless of including or excluding OCRR
constraints in the model. Allowing used-vehicle
purchase led to significant saving in the total cost. In
this example, the optimal total discounted cost of
operating and owning the fleet over 20-year period
reduced from 2.96 to 2.72 billion THB (a saving of
8%).

In the optimal replacement decisions, when consider
the age range between 0 and 10 years old (the
maximum useful life), it was found that purchased
vehicles only range from 0 to 2 years old and sold
vehicles range from 7 to 8 years (excluding the sales
of the initial fleet and the final fleet). This suggests
that there might be a certain maximum age of
vehicles to be purchased, and a minimum age of
vehicle to be sold that is less than the maximum
useful life.

In any period, replacement of old vehicles always
occurred in cluster. That is, a cluster of vehicles
using the same fuel type at the same age would either
be kept in-use or sold all together. This is similar to
the so-called no splitting rule (NSR) that was proved
optimal policy by Jones et al. (1991) under different
problem characteristics, utilization pattern, and O&M
cost assumptions. This suggests that the NSR rule
may also be optimal policy for dependent usage
pattern fleets. Mathematical proof of this rule will be
a topic for future study.

On the purchasing end, there was always only one
optimal vehicle choice (i.e. one type of vehicle at one

age) to purchase in a period. In other words, more
than one purchase of vehicles with different type or
age never occurred on the same period. However,
purchased vehicles did not necessarily occur in
cluster. That is, purchase of vehicles type o at age i in
period j may be followed by another purchase of the
same type of vehicle at age i+1 in period j+1.

Comparing the two alternative fuels, while both fuel
prices are comparable, LPG seems to be a more
attractive choice than NGV because of its lower
installation cost. Allowing engine modification so
that alternative fuel can be used only give a very little
saving in the total cost. This is because the initial
fleet only contained gasoline vehicles (eligible to
engine modification), but subsequent replacements
were mostly done with vehicles that already have
alternative fuel capability come installed. Thus, there
were no needs for further engine modifications in
other period than the first one.

5. CONCLUSION

The paper presents an extension of the parallel
replacement problem where assets are a fleet of
service vehicles that exist to satisfy user demands.
Motivated by real operational data from an actual
fleet, a realistic pattern of user demands called
dependent usage is considered. In addition, with the
recent surge in gasoline price and the emergences of
alternative fuels, the problem is broadened to include
multiple alternative fuel vehicles (LPG and NGV) as
challengers for replacement to the gasoline vehicles.
A mathematical model of the defined problem is
formulated as a linear integer program. Promising
results were obtained from solving a small problem
instance.

Directions for further study include conducting a
more extensive computational study with sensitivity
analysis on the model parameters, providing
mathematical proofs of some optimal replacement
policy for dependent usage fleets, and incorporating
some insights learned from solving the problem to
optimality into constructing efficient algorithms for
the problem.
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