Integrating Scheduling & Budgeting in a Batch Specialty Plant

Scheduling Problem Description

Case study description

The case study consists of a batch specialty chemical plant with two different batch reactors (R1 and R2). The site has one reactor of type R1 and two reactors of R2. 

Each production recipe basically consists of the reaction phase. Hence, raw materials are assumed to be transferred from stock to the reactor, where several substances react, and, at the end of the reaction phase, products are directly transferred to lorries to be transported to different customers. 

Plant product portfolio is assumed to be around 60 different products using up to 15 different substances. Production times are assumed to range from 3 to 24 hours. Product switch-over basically depends on the nature of both substances involved in the precedent and following batch. Cleaning time ranges from 0 up to 6 hours till not permitted sequences. The products manufactured are a mixture of products manufactured directly in one step from raw materials to products that are the result of up 3-4 intermediate stages involving intermediate products, which in themselves may be sold as final products.  

Production orders are classified within three types:

· One-off orders: Known one week in advance. Order sizes about 15 tes.

· Regular orders: Known about for many months in advance. Order sizes about 30 tes.

· Seasonal demand: Can be estimated and predicted to a degree (lead-time of 4 weeks). Order sizes about 300 tes. 

Orders are never manufactured at less than one-week lead-time from receipt of the order.

Scheduling-Problem Model Features

The problem to solve is of a 13 weeks period. The first week is planned with known product demands and the others with known (regular and/or seasonal) and estimated (seasonal) demands. One-off and Regular demands are just known with one and four weeks in advance respectively, hence, the algorithm uses forecasted demands or lefts enough idle time to accommodate the ‘unknowns’. In this latter case, the required idle time to be left will be also forecasted.  

It is assumed that one-off orders may be accepted in function of the actual plant capacity. However, seasonal and regular orders are expected to be executed on time if possible. In this way, the next week is always exact, and products are scheduled considering set-up times. The model is to be rerun every week as forecasts develop into real orders. Next weeks from the first one are not exact. Indeed, they probably won’t be executed as calculated, but their planning is useful to know if there will be enough room to accommodate coming orders.  

Different elements of the model are,

First week scheduling

The first week to be scheduled is exact. Production demands and raw materials and final product stocks are known.  Here, orders to be produced are scheduled considering set-up times (cleaning times). Hence, the sequence of orders and the equipment unit to order assignment that minimises the required cleaning times is calculated. Within this first week a production horizon of 168 h is assumed. 

Next 12 weeks planning

The following weeks are planned with known and forecasted demands. Here, orders are just assigned to weeks and to equipment units. Hence, no exact sequence is calculated within every week and so, no set-up (cleaning times) can be considered. For this reason, production horizon in every week to be considered should be less than 168, just to permit set-up times and unexpected orders to be accommodated. Hence, the later the week considered the more uncertainty in orders forecast and so the lower production horizon to be considered.

Demand due-dates and orders satisfaction

It is assumed two kind of orders, those that can be chosen if they are executed and those that need to be scheduled. In principle it will be assumed that one-off orders are those that can be chosen and the others need to be produced. Delays in product deliveries are allowed with a penalty on the performance criterion.

Stock of raw materials

The amount of raw material stored at every week-period depends on; the amount stored in the precedent period, the amount consumed and the amount bought in that period and, the amount of raw material produced at the plant to be used for producing products that are the result of different intermediate stages involving intermediate products. With this the model will be able to decide when to ask for raw materials, considering a minimum possible order-size or a relationship between unitary raw material cost and order size. 

Stock of performed products

The amount of final products stored at every week-period depends on; the amount stored in the precedent period and the amount produced and the amount sold in that period.

Objective function

A number of different Objective Functions could be decided for the scenario presented including stock of products and raw material minimisation, due-dates accomplishments, maximum one-off orders execution, and so on.

Scheduling-Problem Model Features

Detailed Algorithm Description: Scheduling Constraints

First week scheduling

Orders to be produced are scheduled considering set-up times (cleaning times). TPfwe is the production time available for every equipment unit e in this first week. TPfwe is a function of the number of orders produced within the week, hence, of the operating time required plus the required cleaning times (Equation 1). In principle TPfwe cannot be greater than 168 hours (Equation 2). nxp,o,e is an integer variable representing the number of batches of product p (corresponding to one or several orders i) produced at sequence o within the week at equipment unit e. xp,o,e is a binary variable representing if a product p is produced at sequence o within the week at equipment unit e. Equation 3 determines the required cleaning time after sequence o at equipment unit e (CTo,e) from the required cleaning time between two products p p’ (CTp,p’). Equation 4 imposes that at position o of an equipment unit e just one product p can be produced. Equation 5 forces that if several batches of the same product need to be produced at one equipment unit e, then these orders have to be produced consecutively. Equation 7 and 8 just constrain nxp,o,e in function of xp,o,e. Finally, equations 9 and 10 constrain the use of equipment units to some products in function of their specifications.
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Next 13 week-planning
TPk,e is the available production time for every equipment unit e in each week-period k beginning at the first already scheduled week. Hence, for k=1, products assignment has been already solved by the first-week part of the algorithm. TPk,e constraints the number of orders produced within a week k (Equation 11). In principle, TPk,e  cannot be greater than (168 – k) for the rest of weeks, where k is the idle time reserved because of one-off and regular demands uncertainty and unknown set-up times (Equation 12). nwp,k,e is an integer variable representing the number of batches of product p produced at week k at equipment unit e. wp,k,e is a binary variable representing if a product p is produced at week k at equipment unit e. Equation 13 and 14 just constraint nwp,k,e in function of wp,k,e. Finally, equations 15 and 16 constrain the use of equipment units to some products in function of their specifications.
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For k=1,
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Demand Satisfaction
Known one-off orders, for the first week, and the forecasted ones, for the rest of the planning period, should be accomplished as far as regular and seasonal product demand (estimated and forecasted) can be accomplished. Hence, satisfactioni is a binary variable that determines if one-off order i is to be accepted for production for next week. 
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Stock of performed products

Equation 20 defines the number of tonnes of product p being stored at period (week) k (P_Stockp,k). Here, Di is the due-date week for order i, i represent the delay in order delivery and prodi the product to be produced at order i. 

 

[image: image5.wmf],,1,,

(20)   _  

          0

ii

i

pkpkepkeii

eikD

iprodp

p,k

 PStock P_StockBnwqpsatisfaction

P_Stock

d

-

=+

=

=+×-×

³

åå


Stock of raw materials

Equation 21 defines the number of tonnes of raw material r being stored at period (week) k (R_stockr,k). Hence, the amount of raw material r stored at period k will depend on the amount stored at period k-1 minus the amount consumed during period k plus the amount of material bought And received during period k-1. qri is the amount of raw material Ri consumed for producing a batch of product i. qbr is the number of tonnes in a lot of raw material r and rbr,k is an integer variable representing the number of lots of raw material r to be received at period k.   
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Short-term Budgeting constraints (13 week period)

Short-term Budgeting decisions can be taken every week-period. Production expenses during the week will consider an initial stock of raw material and products. An initial working capital is considered beneath which a short-term loan must be requested. The minimum net cash flow allowed in every week-period (Wcashk) is determined by the CFO taking into account the variability of cash outflow. 
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Production liabilities incurred in every week-period due to buy of raw materials are, 
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In equation 25 all payments of materials are assumed to be fulfilled within the same week of receiving raw materials. However, if for instance is assumed that all bills can be paid either at the moment (same period) or at a face value (at a 2% rate) after 4 periods when raw materials are received, equation 25b will turn into,
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where Yr and Ydr are binary variables that determine if a raw material is to be paid on time or after 4 periods time. (It remains to be decided upon what part of the bills to pay in which period.)

Production exogenous cash-flows incurred in every week are due to sale of products as follows,
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A short term financing source is represented by a constrained open line of credit. Under an agreement with the bank, loans can be obtained at the beginning of any period and are due after one year at a monthly interest rate depending on the bank agreement (i.e 5%). This interest rate might be a function of the minimum cash. 
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The portfolio of marketable securities held by the firm at the beginning of the first period includes several sets of securities with known face values in monetary units (mu) and maturity week-period k’ incurred at month-period k. MSinvk,k’ is the cash invested at period k’ maturing at period k. MSsalek,k’ is the security sold at period k’ maturing at period k. All marketable securities can be sold prior to maturity at a discount or loss for the firm. Revenues and costs associated with the transactions in marketable securities are given by technical coefficients dk,k’ and ek,k’ where dk,k’ > 1 and ek,k’ > 1. 
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With this, cash balance is as follows,
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Long-term Budgeting constraints (From 3rd to 12th month period)

Long-term budgeting decisions can be taken every month-period. The minimum net cash flow allowed in every month-period (Mcashm) is,
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Production expenses from the three first month-period are due to expected (forecasted) orders as follows,
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where p is the expected set of future coming orders.

The portfolio of marketable securities held by the firm at the beginning of the first period includes several sets of securities with known face values in monetary units (mu) and maturity month-periods m’ incurred at month-period m. MSinvm,m’ is the cash invested at period m’ maturing at period m. MSsalem,m’ is the security sold at period m’ maturing at period m. All marketable securities can be sold prior to maturity at a discount or loss for the firm. Revenues and costs associated with the transactions in marketable securities are given by technical coefficients dm,m’ and em,m’ where dm,m’ > 1 and em,m’ > 1. 
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A long term financing source is represented by a constrained open line of credit. Under an agreement with the bank, loans can be obtained at the beginning of any period and are due after one year at a monthly interest rate depending on the bank agreement (i.e 5%). This interest rate might be a function of the minimum cash. Early repayments are not permitted.
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Cash balance in every month-period will be:
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where,
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Objective function
For m = 3, 6, 9 and 12, cash is withdrawn from the system in form of shareholder dividend emission.  Objective function will consist of maximising these dividends as follows:
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