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Abstract— Instead of pipework-based material transportation in conventional batch processes, the pipeless process. a new
type of conventional batch process. adopts vessel-based one, where materials are transported by movable vessels traveling
among process units called stations. This paper deals with an optimal design problem of pipeless processes considering the
structural aspects of the plant and the associated production schedules simultaneously. The proposed MILP(Mixed Integer
Linear Programming) problem yields the optimal design solution accounting for capital costs, operating costs and revenues.
And a relatively small number of integer variables in the MILP problem makes it applicable to practical processes composed
of numerous units producing various products of general recipes. By the concepts of waiting task and waiting cost, the
number of waiting stations required can be calculated, and waitings of materials in unstable states can be excluded from the
schedule. The usefulness of the approach has been verified through an example.
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Fig. 1. Pipeless process.
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Table 1. Station characteristics

n Station type Suitability
1 Feeding station Task T1
2 Reacting station Task T2
3 Mixing station Task T3
4 Discharging station Task T4
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Table 2. User-defined parameters for exampie

Parameter

Value

Value of unit mass of product s

Price of feeds to produce unit mass
of product s

Maximun production of product

Minimum production of product

Maximum number of movable vessels
Maximum number of stations of type n
Maximum number of waiting stations
Capital charge factor

Scheduling horizon

Monthly working hours

Unit time

Cycle time

Capacity of vessels

v=$1.0/kg Vs&SP
p=$05kg TsSSP

P,"=2,000,000 kg/month for
S3 & S4,
4,000,000 kg/month for
S5, S6 & S7
P,""=1,000,000 kg/month for
S3 & S4,
2,000,000 kg/month for
S5, S6 & S7
M™=Unlimited
S, =Unlimited
St =Unlimited
CCF=0.0167 month '
H=480 hour
HoursPerMonth=480 hour/month
At=0.5 hour
T=5, 6 ie. 2.5, 3.0 hour/cycle
V=2000, 10000, 50000 kg




Table 3. Station characteristics for example
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Table 6. Result of example

n Station type Suitability
1 Feeding station Task Ti, T2
2 Reacting station Task T3, T4
3 Mixing station Task T35, To, T7
4 Discharging station Task T8, T9, T10, Til, Ti2
N Cleaning station Task T13
Table 4. Capital costs for example
Vv

2000 [kg] 10,000 [kg] 50.000 [ke]

Movable vessels  [$/unit]

CC.(V) 10,000 30,000 100,000
Station types [$/unit]

Feeding CC,(V) 35,000 50,000 100,000
Reacting CCV) 50.000 75,000 150,000
Mixing CC,.(W) 50,000 75,000 150,000
Discharging CC,.{V) 35,000 50,000 100,000
Cleaning CC,.(V) 50.000 75,000 150,000
Waiting CC,..(V) 35.000 50,000 100,000

Table S. Operating and waiting costs for example

\'%
2.000 [kg] 10,000 [kg] 50.000 [kg}

Fixed costs [$/batch]

Feeding OCL, (V) 25 50 100

Reacting OC.;,(V) 50 100 200

Mixing CCls (V) 50 100 200

Discharging  CCl; (V) 25 50 100

Cleaning OCL (V) 25 50 100
Variable costs  [$/kg]

Feeding QC?, (V) 0.05 0.05 0.05

Reacting OCL, (V) 0.10 0.10 0.10

Mixing acl. .(V) 0.10 0.10 0.10

Discharging  OC!, (V) 0.05 0.05 0.05

Cleaning 0CY, (V) 0.05 0.05 0.05
Waiting costs  [$/batch/At]

OC.-5(V}) 100 200 400

o] AF4(Table 2)2b <A}t npizke] of 3 Al (Table 3), &= 7H4
(Table 4) 12] 32 271 B]-8-(Table 5)0} Qict.

Fig 4] STNol|4] T1, T2 9] 74], T3, Ta= vk 2k, T5-T
e E3h b, TR-T12+= whE 9l T132 A% i’Jr°é Jaz, 2k el
7‘4’“(*}7“’3)4 Ueoll gli= A7k #kd AI7HS viepdch 8719 A
EH§ = B AFS1-ST)eb Al Abel(clean), B A2 Aol (unclean)
97}2 Arelzh olul wbak woqel(slab )] Welvt Ao e
J’HJM | 2285 i 2]l &) Au/Hs]_ z o] vl g8 ehy

c}. oA E Eof. }04 T7-2 S48} A3E 0.75:0.258 E3}slod 78 A
Absbe sbejolch, zbzh R vlLw 2H H] E-N-2 L}I;}—LH»—— Table
ash seil 4] Apale ﬁ»’; Vb Skl kel g 37 R
Qlrh(sh, b Al u) go) Gafol wlelsted Fvig Lo ’LH

Jleb 2R g A4} He) A Table 2} ek oq 14, 2= 4
Fo| e $1.0kgo R mE QRS 7HAL $05kgo s PHEsR
thel & #2AES T8 A2 vhzA 7E 5= gl Al Yakeke
$3, S49] S a7k 1x10-2x 10 ton, $5-57°] % U7+ 2% 10'-

\%
2,000 [kg] 10000 [kg] 50,000 [kg]
T=3 OF2 [$/month] 2,636,267 3,390,517 3,255,233
(2.5 [hour]) M [unit] 54 2 7
S, [unit] 12 z I
S, [unit] 25 6 3
S; {unit] 9 ki 1
S: [unit] 12 2 1
Ss [unit] 12 2 1
S, [unit] 0 0 1
P, [kg/month] 2,000,000 1,920,000 2,000,000
P,, [kg/month] 1,920,000 1,926,000 2,000,000
P, {kg/month] 3,840,000  3.840,000 4,000,000
Py, [kg/month]  3.840,000 4,000,000 4,000,000
Py, [kg/month] 3,840,000 3,840,000 4,000,000
T=6 OF2 [$/month] 2,636,850 3248083 3328000
(3.0 [hour]) M [unit] 56 IN 6
S, (unit] i4 R 1
S, {unit] 28 8 3
S; [unit] 9 4 2
S, [unit] 14 5 1
Si [unit] 14 3 1
S [unit} 1 1 1

P,. [kg/month] 1,920,000 2,000,000 2,000,000

P, [kg/month] 1,920,000 2,000,000 2,000,000
P (kg/month] 2,720,000 4,000,000 4,000,000
Py [kg/month]  2.880,000  3.200,000 4,000,000
Py [kg/month] 3,840,000 4,000,000 4,000,000

4% 10" 1on 2B Abgrc). AR E0] 2o A3 oS Bagre g s}
gtk CCFe #2e] fudo] oF 5l Z19% & v 0.0167 month '
2 AH3aledct. AE A 7He- 480x17), U7k 2l A17E-E 48047, |7t
772 el 05471 g Ak Bog Frl= 5471 1A, 64
%91 % 7}RZ, 8-2kS- 2ton, 10ton, S0ton 5 4| 714 &

23t 6(=2x 312 8] H ol el 7hzE H ) 3y o]l
gt 2 & -]zl =S —‘Lb}od‘,}
Auli= Table 63} 2t (T, V)2l 6713] 3t Foll] H4 4
Z27] T7} 5 A|ZF 7VA(=2.5[hour]e] 7 -&2F V71 10,000[kg]ed
2., $3.39x 10month®] 24 o]el& W 7122 13gfc}. oluf,
£7] 12e8, =gled 2704, wkged o4 3] 3
s M #ed 2747t B edh, diy] dedo] Wbalalr] o¥br] uf
:1‘"“ tH/l"ﬂ—% A8 x] rokeh Y7k AF Aabeke o4 Wi u)
s} o] A AArekwrE Atz Sog Alelelis B HAa xg@%k
o} 2|ed A4tk apole] gho.g Alateldck

Aol A A AAIEL Fig 59} 7ho] Fal A

vho o)A, g AZE 71 308, SATE 2B (2A17F 30 )e] ¥
~~7l - Hob A apzbe e @ ede] palg ojulalar Al Alzhaiol

= o1 A ES WAk ofi- il 7} Fa glrh ol & ol vS3-
TS 32 WAL A 135 wal 2l TS 43§ gt
t}.oo] x| ApAbA|E el A= dl7f shefo] HAYslR] Akl ol=
wE J'}°d°1 Bidw} palef| wbE 4 g e g ool il g oln| gt
gk ol 2, A F S55 Ak Al 1852 Byl Al 1412E 2 = 1)el]
weledoll A Iy TI(*SS-1:TI7yS -8d8lar, #l&: olod ] ] 2-34)
7b A (=2, 3) Fot whgdolA whg] T3(°S5-1:T3")E. | 4417k
A =4l EZAol A T TSCS3-1:TS)E, Al SAPE 242 (1=5)
o] bAoA 7] TY("S5-1:T9"y&, o3 b F7]2] 4 147k
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Cleaning Station

2umns

production pes cycle | AI’gjl§
10.006 tke] H
10,006 1xa}
19086 he ] B, : sum of batch sizes that start undergoing task 1's at the be-
1O.00% fhe} N . .
" ;C,,:;, : ginning of time period t [kg}
1000 Eied B, : sum of batch sizes in state s that start waiting tasks at the
8333 (ke]
0900 ] beginning of time period t {kg]
et p e CCF  : capital charge factor

Fig. 5. Optimal scheduling of example. CC,(V) :cost of station of type n, a function of V
CCAV) :cost of movable vessel, a function of V
XA (t=1)el] A HGellrl 23] T13(“S5-1:T13")8 3%t F o3 A CC...{V): cost of waiting station, a function of V
7F AR AF S62 YAbsh= Al 13 F 02 48] 7]5(“S6-1: D, : set of tasks discharging the product of state s
T2"ye -3¥c}. Fig. 52} Holl 13l nie} o] 7} Al F-S AAksh= F, : set of tasks feeding the feed(raw material) of state s
7F 3 B2 A2 of 2 moke] wh(ban@ -3t et EEFJ' H : planning horizon
A Z S6 AR 2% A 33 F-o) & F7)5 833.3kgS AAkst= A HoursPerMonth : monthly working hours
L A5t 72 58e 3 Fri9 10,000kge] AES APAkdic). I : set of tasks
Z, fRre] 3|3o] o]F £7]19] £kl 10,000kg S 75 A HA I, : set of tasks suitable in station n
AgAkghet, M : number of movable vessels
Az 2] B4 A AAAAY A B, 24 7 AIRE 2 M™  : maximum number of movable vessels
A4 FA)d A 7 9l AP 5 12702 o]F 719 e} N : set of station types excluding waiting station
oz gl o] ZHE] o|% §7)9] o] & (utilization rate, Y3}= 4| N, : set of station types suitable for task i
THA A A7 % 100%)y2 100%% & o 4= gle}. mRE, ZF A7 7HA of OC/(V) : fixed operating cost of task i, a function of V
] Zale AaE= x3] Aol v shuhit=2) WA E(t=1, 3, 4, OC/(V) : variable operating cost of task i, a function of V
5))7] ol 27142 myldegr FHE £ HPES YT OC,(V) : waiting cost of batch in state s. a function of V
= 9leh. o2 FEd A 22 =2t AYHc) o|FA AL P, : production of product s
4=9] B2 F Abate] Foidl A4t BREFES DAY 5 e S P : maximun production of product s
o)X 8] 9 7+ ofE9] o] Wil A A7k A HAH n2A | : minimun production of product s
F-E3517] o Folct S : set of states
SF : set of feed states
5. a 2 SM : set of (physical) material states
Sp : set of product states
B =Rode AAAIES z#d Fulg 3R] HdAE g S, : number of type n stations(e.g. n=1 for feeding, 2 reacting,
MILP##| se2] 223} 7]4-& A stk AAE whgellds & 3 discharging, 4 cleaning, 5 waiting)
3 v} Aa 714, & vlg g S o] A ARE 31 S . maximum number of type n stations
3}7) oj-Lol 7]&ol} Hasebe2} Hashimoto[71v} Realff 5-{8]0] <]al] S : number of waiting stations
AA S 58 23 g uo) A A AE 98 4 gleh S :maximum number of waiting stations
L1 ) —7;7174 ol & ubal-g Aelsly, A 2 e Hed 4 T : integer variable(multiples of At, the elementary step) repre-
(M, S,. Suur W,, W)S-& Realff 5[8]0] AH&-&F 03] RS0 =& senting the cycle time
17} ohd A4 W40, 1, 2, )2 Aodhes 7Y 5-& 3] MILP ™ . set of T’s available
22l A4 W] 57 @A Fo] S AFY s} 23l T :set of tasks producing(consuming) the vessel in state s
287} cokgr Ald] Zul A AdA|Re] HLe] rhsEisct. \% : capacity of units(movable vessels and/or stations) [kg]
X{]°P51 7] 7339 MdE ARgsted B 7| e 5 A4t v : set of V’s available
3 4= 9] 31, Bobgh Aol ¢l BA2] 7] vi&(0CYs =2A A W, : number of batches that start undergoing task i at the begin-
ey o] Fio] dirjahz U AMAMAE AellA wiAlEt 5 ning of time period t

sepast H343 Xle& 1996t 123
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W, - number of batches in state s that start waiting tasks at the
beginning of time period t

p. : processing time for task i

p- : price of unit mass of feed s

v, : value of unit mass of product s

Jz2jojAa Xt

At : elementary step time or unit time

p.” : proportion of material state s produced by task i

P : proportion of material state s needed for task i
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