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Abstract — The periodic square wave (PSW) model was successfully applied to the optimal design of a batch-storage
network. The network structure can cover any type of batch production, distribution and inventory system, including
recycle streams. Here we extend the coverage of the PSW model to multitasking semi-continuous processes as well as
pure continuous and batch processes. In previous solutions obtained using the PSW model, the feedstock composition
and product yield were treated as known constants. This constraint is relaxed in the present work, which treats the feed-
stock composition and product yield as free variables to be optimized. This modification makes it possible to deal with
the pooling problem commonly encountered in oil refinery processes. Despite the greater complexity that arises when
the feedstock composition and product yield are free variables, the PSW model still gives analytic lot sizing equations.
The ability of the proposed method to determine the optimal plant design is demonstrated through the example of a high
density polyethylene (HDPE) plant. Based on the analytical optimality results, we propose a practical process optimality
measure that can be used for any kind of process. This measure facilitates direct comparison of the performance of multiple
processes, and hence is a useful tool for diagnosing the status of process systems. The result that the cost of a process is pro-
portional to the square root of average flow rate is similar to the well-known six-tenths factor rule in plant design.
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Fig. 1. General structure of batch-storage network.
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Fig. 4. Block operations of semi-continuous process.
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Table 1. Grade transition costs of HDPE plant($/batch)

F5502 F607LD F6060P F50100 TRI158 TR570 TR144 TR130 TR147 F5811 HX100
F5502 0 2,040 3,570 4,080 5,610 6,120 4,080 4,590 4,080 4,590 8,160
F607LD 2,889 0 2,408 4815 4334 6,741 5297 5297 4815 3,371 9,630
F6060P 2,895 2413 0 4,825 4825 6,755 5,308 5,790 4,825 2,895 9,650
F50100 3,206 5,954 6,870 0 3,206 4,580 4122 4122 4,580 5,954 6,412
TR158 3,916 4,895 5,385 3,427 0 4,895 3,916 4,406 4,406 4,895 7,832
TR570 5,632 5,632 7,168 4,096 4,608 0 4,096 4,608 4,608 5,632 7,168
TR144 4433 5,910 5910 2,463 5,418 7,388 0 3,448 4925 6,895 6,403
TR130 5,841 7,434 7,434 3,717 6,372 7,965 3,717 0 5310 9,558 8,496
TR147 3,512 3,951 3951 3,512 4390 5,268 3,512 4,829 0 3,073 7,024
F5811 3272 3272 3272 3272 4,090 4,908 4,000 4,908 3272 0 6,544
HX100 5,750 8,050 8,050 4,600 6,900 8,625 4,600 6,325 5,750 8,050 0
Table 2. Input and output data of single reactor design
Sequence  Product Code A’ ($/Batch) D), (ton/day) Y H ($/ton/day) 0.5H7y,(1-y,,)($/ton/day) B,, (ton)
1 F5502 2,040 30,587 0.110993 84.315 4.159843 1,792.499
2 F6071.D 2,408 2,920 0.010596 85.41 0.447709 190.4467
3 F6060P 2,895 5913 0.021457 86.14 0.904322 381.4212
4 F5811 6,544 7,665 0.027815 87.235 1.179457 491.2225
5 HX100 4,600 2,847 0.010331 96.725 0.494477 185.7353
6 TR144 3,448 90,885 0.329801 86.14 9.519866 4,015.252
7 TR130 3,717 33,580 0.121854 89.79 4.804027 1,943.857
8 F50100 3,206 16,571 0.060133 85.775 2.423853 1,026.674
9 TR158 4,895 14,454 0.05245 84.68 2.104268 902.8322
10 TR570 4,608 11,753 0.042649 85.045 1.736197 741.7148
11 TR147 3,512 58,400 0.211921 86.14 7.19313 3,033.89
sum= 4,1873 275,575 1 34.96715
2249 ATAAN &3 8 W AE AL AoV AR B olelmw £48 FAAS A4S 0l Zolth. WA Fedo
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Table 3. Input and output data of two reactors design
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Process  Sequence Product  A”" ($/Batch) Yin H ($ton/day)  0.5H’y,(1-y,)$/ton/day) D’ (ton/day) B,, (ton)
R1 1 TR130 3,717 0.243709 89.79 8.27481 33,580 2,409.768
R1 2 F50100 3,206 0.120265 85.755 4.536492 16,571 1,189.168
R1 3 TR158 4,895 0.104901 84.68 3.975578 14,454 1,037.248
R1 4 TR570 4,608 0.085298 85.045 3.317702 11,753 11,339.94
R1 5 TR147 3,512 0.423841 86.14 10.51769 58,400 4,190.901
R1 6 TR144 3,448 0.021987 86.14 0.926149 3,029.5 217.403

sum= 22,386 1 31.54842 137,787.5
R2 1 TR144 4,433 0.637616 86.14 9.951835 87,855.5 7,446.016
R2 2 F5502 2,040 0.221987 84.315 7.280964 30,587 2,592.34
R2 3 F607LD 2,408 0.021192 85.41 0.885828 2,920 247.4787
R2 4 F6060P 2,895 0.042914 86.14 1.768984 5,913 501.1444
R2 5 F5811 6,544 0.055629 87.235 2.291425 7,665 649.6316
R2 6 HX100 4,600 0.020662 96.725 0.978631 2,847 241.2917

sum= 22,920 1 23.15767 137,787.5

Plant

; Customers
Warehouse

Rail Truck Car

Fig. 7. An example product distribution branch.
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+ 7665 * 87.235 + 2847 * 96.725 + 90885 * 86.14 + 33580 * 89.79
+16571 * 85.775 + 14454 * 84.68 + 11753 * 85.045 + 58400 * 86.14)
=2380115.251 (25)

50,000
B = (03 %275575) [——=2200 __ — 1198249 ¢ 26
rre = ( ) 2,380,115.251 ’ ons  (26)

VDO = 11,98249 * (1 - 0.9) +(0.3 *275,575) * 7 * (1-5/7)
=166,543.249 tons (27)
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ARB7|2

a/  :annualized capital cost of raw material purchasing facility,

dollars per unit of item per year

a; :annualized capital cost of process 7, dollars per unit of item
per year
b/ : annualized capital cost of storage facility, dollars per unit of

item per year
Ak’ : ordering cost of feedstock materials, dollars per order
A,, : ordering cost of noncontinuous process 7, task n, dollars per order

A" product change-over cost from product ; to product j, dollars

per order
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: raw material order size, unit of items per lot
: noncontinuous process size, unit of items per lot
: final product delivery size, unit of items per lot

: average material flow of raw material supply, unit of items

per year

: average material flow of customer demand, unit of items per year

: average material flow through noncontinuous processes, unit

of items per year

: feedstock composition of process i, task n

: average flow rate of feedstock material j to process i, task n,

unit of items per year

: product yield of process i, task n

: average flow rate of product material j from process i, task

n, unit of items per year

: annual inventory holding costs, dollars per unit of item per year
: noncontinuous process set

. storage set

: raw material supplier set for storage j

: consumer set for storage j

: Task set for process i

: price of raw material j from supplier k, $/units of item

: start-up time of customer demand, year

: start-up time of the first task feedstock feeding to noncontinuous

process i, year

: start-up time of feedstock feeding of task n to noncontinuous

process i, year

: start-up time of product discharging of task n from noncontinuous

process i, year

: start-up time of raw material purchasing, year

: upper bound of inventory hold-up, units of item

: lower bound of inventory hold-up, units of item

: inventory hold-up, units of item

: initial inventory hold-up, units of item

: time averaged inventory hold-up, units of item

: storage operation time fraction of purchasing raw materials

: storage operation time fraction of feeding to noncontinuous

process i, task n

: storage operation time fraction of discharging from noncontinuous

process i, task n

: storage operation time fraction of customer demand
: cycle time ratio, ®,,/0;

: Z{;f,"= 1 if the n-th task on process i produces a product j and

the (n+1)-th task produces a product j' and otherwise, Z =0

& Xt

: Lagrangian multipliers

: the composition of feedstock j to produce product ;’
: cycle time of customer demand, year

: cycle time of raw material purchasing, year

: cycle time of noncontinuous process i, year

: duration of noncontinuous process i, task n, year

slekmst H453 HI3E 20071 6

olofs
W, :aggregated cost defined by Eq. 15
W/ : aggregated cost defined by Eq. 14
IEXE
j : storage index
Of2HE X}
i : noncontinuous process index
k : raw material vendors
m  : finished product customers
n : task index

Special Functions

int[.] : truncation function to make integer

res[.] : positive residual function to be truncated

X

—

: Number of elements in set X
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