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Abstract — The aim of this study was to find an analytic solution to the problem of determining the optimal capacity (lot-
size) of a batch-storage network to meet demand for a finished product in a system undergoing random failures of operating
time and/or batch material. The superstructure of the plant considered here consists of a network of serially and/or parallel
interlinked batch processes and storage units. The production processes transform a set of feedstock materials into another set
of products with constant conversion factors. The final product demand flow is susceptible to short-term random variations in
the cycle time and batch size as well as long-term variations in the average trend. Some of the production processes have ran-
dom variations in product quantity. The spoiled materials are treated through regeneration or waste disposal processes. All
other processes have random variations only in the cycle time. The objective function of the optimization is minimizing the
total cost, which is composed of setup and inventory holding costs as well as the capital costs of constructing processes and
storage units. A novel production and inventory analysis, the PSW (Periodic Square Wave) model, provides a judicious
graphical method to find the upper and lower bounds of random flows. The advantage of this model is that it provides a set of
simple analytic solutions while also maintaining a realistic description of the random material flows between processes and
storage units; as a consequence of these analytic solutions, the computation burden is significantly reduced.
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Fig. 1. Flow of Type 1 Process.
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Fig. 2. Schematic Diagram of Type 2 Process.
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(a) The feed flow of type 2 process
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(b) The product flow of type 2 process
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Fig. 3. Flow of Type 2 Process.
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Fig. 4. Two Extreme Cases of Random Failure.
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a‘i : annualized capital cost of raw material purchasing facility,
dollars per unit of item per year

a; : annualized capital cost of unit i, dollars per unit of item
per year

a'L : annualized capital cost of waste disposal facility,

2 : annualized capital cost of storage facility, dollars per unit
of item per year

A’,; : ordering cost of feedstock materials, dollar per order

A, : ordering cost of noncontinuous units, dollar per order

A{, : disposal cost of waste materials, dollar per order

TC : annualized sum of costs, $/year

B : general description of batch size of any process, units per lot

B : general description of average batch size of any process, units
per lot

B’,'C : raw material order size, units per lot

E‘fe : mean of raw material order size, units per lot

B, : batch production unit size, units per lot

B; : mean of batch production unit size, units per lot

B;z(,) : random /-th batch size of product flow of type 2 process,
units per lot

B‘f" : random /-th batch size of demand flow of product j,
customer m, units per lot

B’,'n : final product delivery batch size, units per lot

Ejm : maximum of : final product demand batch size, units per
lot

B{, : batch size of waste disposal, units per lot

d : general description of failure duration within a long cycle
time, year

d;c : total failure duration within a long cycle time for raw
material purchasing process, year

d; : total failure duration within a long cycle time for process
i, year

di,, : total failure duration within a long cycle time for finished
product demand, year

d’,; : total failure duration within a long cycle time for waste
disposal process, year

a;z : total failure duration within a long cycle time for waste
flow of type 2 process i, year

D : general description of average flow rates of any process,

3lerast 46 H|3E 2008 62

7
T~y -

units per year

: average material flow rate through batch production units,

units per year

: average material flow rate of raw material supply, units

per year

: average material flow rate of customer demand, units per year
: average material flow rate of waste disposal, units per year

: feedstock composition of unit i at time period t

: accumulated flow of type 1 random process, units

: accumulated feed flow of type 2 process, units

: general description of product yield

: product yield of process i at time period t

: general description of waste material yield

: waste material yield of type 2 process i, at time period t

accumulated random product flow of type 2 process i,
accumulated random waste flow of type 2 process i,

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

: noncontinuous process subset of type 1

: noncontinuous process subset of type 2

: storage or material set

: raw material supplier set for material j

: consumer set for material j

: waste disposal sink set for material j

: raw material purchase price, dollars per unit of item

: finished product sales price, dollars per unit of item

: waste disposal price, dollars per unit of item

: startup time of customer demand

: startup time of customer demand

: startup time of feedstock feeding to batch process i

: startup time of product discharging from batch process i
: startup time of raw material purchasing

: time delay between feed flow and product flow of process

i, year

: total cost, $

: 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 noncon- tinuous

unit i

: general description of storage operation time fraction of

discharging flow

:storage operation time fraction of discharging from

noncontinuous unit 7

: storage operation time fraction of finished product demand

: storage operation time fraction of waste disposal flow
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: general description of availability

: availability of raw material purchase flow

: availability of process i

: availability of waste disposal flow

: confidence limits

: convergence limit

: minimum number of batch in long cycle time

: Largrangian multiplier of Kuhn-Tucker conditions

: general description of number of batch in long cycle

time

:number of batch in long cycle time for purchasing

material flow

:number of batch in long cycle time for processing

material flow.

: number of batch in long cycle time for finished product

demand flow.

: number of batch in long cycle time for waste disposal

flow.

: cycle time of customer demand, year

: cycle time of waste disposal flow, year

: cycle time of raw material purchasing, year

: cycle time of process i, year

: [-th random cycle time of any process, year

: random cycle time of type 2 process i,, year

: (/-th) random cycle time of customer demand, year
: general description of average cycle time, year

: average cycle time of type 2 process i,, year

: general description of lower bound of cycle time, year
: lower bound of cycle time of raw material purchase, year

: lower bound of cycle time of finished product demand

flow, year

: lower bound of cycle time of waste disposal flow, year
: general description of long cycle time, year

: long cycle time of process i, year

: long cycle time of raw material purchasing, year

: long cycle time of customer demand, year

: long cycle time of waste disposal flow, year

: aggregated cost defined by (19)

: aggregated cost defined by (21)

: aggregated cost defined by (23)

: aggregated cost defined by (25)

: batch production process index
: type 1 process index

: type 2 process index

: index of raw material vendors

595

1] : batch sequence index

m : index of finished product customers
n : index of waste disposal sinks
IERE

j : storage index

Special Functions

int["] : truncation function to make integer

res[] : positive residual function to be truncated
Var(*) : variance
1X] : Number of elements in set X
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