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Abstract: 

Due to the huge variety of final products, production as well as supply chain planning in the 

steel industry are order driven. To handle the complexity, which results from the high number 

of alternative modes of production, orders are encoded in the preface of planning. 

Accordingly, production orders are specified that determine intermediate goods for each 

stage of production. The downside of this approach is that degrees of freedom in planning are 

systematically ignored. Therefore, we propose the method of implicit order encoding. Thus, 

the whole range of intermediate products and transformation processes is incorporated into 

planning. In our contribution implicit order encoding is applied to the melt design problem, 

which regards the combination of customer orders to melts. Based on the case study of a 

large german steel company, advantages in terms of productivity and machine setups are 

shown. 
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1 Introduction  

The product portfolio of a typical steel plant comprises hundreds of alloys, product widths and 

thicknesses as well as arbitrary surface treatments. Even if only a single alloy is considered 

and surface treatment alternatives are neglected, customer orders still differ in weight, product 

width and product thickness, such that in principle infinite possible configurations result. 

Given this product variety, production processes in the steel industry are order driven.  

The production system, however, is highly complex. In the phase of liquid processing, 

homogenous steel alloys have to be handled in ladles of several hundred tons. In the following 

production stages like transports or transforming aggregates, each stage has its own 

constraints regarding feasible inputs and outputs as well as feasible production sequences. 

Besides, there are parallel stations which do the same transformation of material but differ in 

constraints or technical abilities. The challenge of production planning in the steel industry 

hence is to balance customers’ needs for individual products and small quantities with the 

complex restrictions of the production system.  

To cope with this complexity, production planning is done sequentially (Dutta, Fourer, 2007; 

Tang et al, 2000). The first planning task regards the translation of customer specifications 

into production orders, which include detailed information for the production process (Tang, 

Liu, 2007; Spengler et al., 2008). In most steel companies this task is called encoding and is 

supported by some kind of rules based expert system. As a result, each customer ordered 

product is described by of a sequence of production orders, that define all intermediate 

products and the production path through the system, especially considering parallel stations. 

This way of encoding causes two major disadvantages in production planning. Since static 

encoding rules are used, the mode of production is predetermined without considering 

possible bottlenecks. Moreover, the predetermination of intermediate products imposes severe 

constrains onto subsequent planning, since flexibility in downstream processing is not 

considered. As a consequence, infeasible or suboptimal production plans result. Despite this 
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fact, most works published on production planning in the steel industry, assume fixed 

production orders (Chang et al., 2000; Dawande et al., 2004). Degrees of freedom in product 

design are rarely considered or, if they are, considered as fixed. The modeling of degrees of 

freedom is insufficient. 

To this end, the objective of this paper is to introduce an approach which explicitly 

incorporates alternative modes of production into planning. The approach will be applied to 

the melt design problem and evaluated based on a case study. The paper is structured as 

follows. In section 2 an encoding model to determine degrees of freedom will be provided. In 

section 3 we will provide an application of the encoding approach to the adjusted melt design 

problem. In section 4 results are presented which are based on data from a case study. 

2 The Implicit Encoding Model 

To evolve from static order encoding, the production processes and the material flows 

associated with the production of a customer ordered product need to be modeled in more 

detail. This ultimately leads to a complete description of all transformation, handling and 

storing processes and their technical capabilities. In mathematical terms this corresponds to a 

system of inequalities representing an Engineering Production Function (cp. Fandel, 1996). 

To encode customer orders, the system is initialized with the parameters of the particular 

product ordered. Instead of being specified explicitly, production alternatives and 

intermediate products are thus encoded implicitly. Therefore, we will use the term implicit 

encoding model. In the following the approach is elaborated in more detail. 

The production process of integrated steel plants can be decomposed into steps of elemental, 

one dimensional transformations of material. For example rolling of material is the intended, 

one dimensional change of material thickness. Under the assumption of a constant material 

width during rolling, the length of material changes according to physical laws. Besides, each 

elemental process step can be described precisely with its possibilities and constraints 

regarding input, output and transformation of material. Continuous decision variables λ 
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describe the intensity of these transformations, normalized to values between 0 and 1. 

Regarding a width compactor with the ability of a non cutting change of materials width 

between 0 and 250 mm, λ ranging between 0 and 0.4 represents a possible width change of a 

specific material between 0 and 100 mm. 

Beside continuous constraints, there may be processes, which only allow material to pass, if 

dimensions fit to specific subsets of a continuous range. In the remainder we will refer to 

these subsets as material classes. For instance, the handling fixture of an oven might constrain 

processing to either “long” or “short” material. Thus, the continuous parameter length is 

divided into two subsets, possibly separated by a gap. Material classes can be modeled using 

binary decision variables x. In case, the material class is used, or the related x is 1 

respectively, all constraints of this material class have to be fulfilled. In any other case, the 

related constraint shall have no effect on the process. Since material has to fit exactly to one 

of the material classes, an additional constraint, setting the sum of all x to 1 has to be added. 

As a result, for each elemental process, there may be continuous as well as binary variables, to 

describe possible input and the related output. However, the mathematical description of input 

and output relation may be nonlinear due to physical dependencies. 

To model a multi-stage processes, elemental process steps can be combined. Thus, the output 

of a predecessor is the input of a following stage. Intermediates do not have to be defined 

explicitly. They may be described by terms including λ as well as x.  

Combining elemental processes may lead to three different situations: linear, diverging and 

converging material flows. In case of linear material flows, one predecessor has exactly one 

follower. Thus, the output of the predecessor is equal to the input of the successor. In case of a 

diverging material flow, one predecessor has multiple followers. Here, the input of each 

follower has to be set as equal to the output of the one and only predecessor. If there is a 

converging material flow to model, the input of the successor may be equal to any of the 

outputs of the predecessors. However, if a single order is considered, only one predecessor is 
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feasible. Thus, a converging material flow can be described using antivalent binary decision 

variables y for each of the predecessors. Equal to material classes, the output of each 

predecessor is connected with the decision variable representing the use of the predecessor. In 

case, a predecessor is used, or the related y is 1 respectively, the output of the predecessor is 

set as equal to the input of the successor. In any other case, the related output shall have no 

effect on the input of the successor. Since one of the predecessors has to be used, an 

additional constraint setting the sum of all y to 1 has to be added. Thus the production system 

with all of its constraints can be represented as a non linear system of inequalities.  

To encode a customer order, all parameters of the customer order have to be set as the 

required output of the proposed nonlinear system of inequalities. Thus, the inequality system 

is completely defined. Intermediates and production modes are implicit encoded in the 

resulting mathematical model. Feasible solutions of the binary decision variables x and y 

relate to feasible production modes. As part of the production mode, for each station, the 

whole range of inputs and outputs which can be used in order to fulfill the customer order can 

be derived. Furthermore boundaries of all λ, reflecting minimal necessary as well as maximal 

possible transformation of material, can be determined. 

 

Figure 1: Exemplary steel production system 

Continuous Caster A
width 1.200 – 2.600 mm

thickness: 245 mm

Continuous Caster B
width: 1.100 – 2.000 m

thickness: 246 mm

Oven 
lengths: 

5.000 – 6.200 mm

8.900 – 10.400 mm

11.200 – 12.400 mm

Width Compactor

max. compression: 250 mm

Rolling Mill
output thickness: 1,5 – 25 mm

output width: 900 – 1.880 mm

1

6542

Continuous Caster C
width: 850 – 2.150 m

thickness: 250 mm

3
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In Figure 1 the general structure of a production system for hot rolled products is given (cp. 

SZAG, 2009). It consists of three continuous casters which are used to transform the melts of 

liquid steel into solid cuboids, called slabs. The slabs are reheated in an oven which allows for 

three different material classes according to the length of slabs. Afterwards, the slabs can be 

compacted in a width compactor up to 250 mm before being rolled to the customer ordered 

product. The feasible range of production is defined by the following system of inequalities, 

where th labels the thickness, wd the width and l the length of material after handling in the 

indexed stage. 

 (1) 

 (2) 

 (3) 

 (4) 

 (5) 

 (6) 

 (7) 

 (8) 

 (9) 

 (10) 

 (11) 

 (12) 

 (13) 

 (14) 

 (15) 

 (16) 
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 (17) 

 (18) 

 (19) 

 (20) 

 (21) 

 (22) 

Inequalities 1–2 incorporate the constraints of continuous caster A (3–4 continuous caster B, 

5–6 continuous caster C). In 7 to 10 the converging material flow of the continuous casters to 

the oven is modeled using the binary decision variables y1, y2 and y3. 11 to 15 represent the 

possible material classes in the oven, again binary decision variables x1, x2 and x3 are used. 16 

to 18 describe the possible change of material width in the width compactor. Hereby the width 

change has to be set by the continuous decision variable λ4 and the length change is computed 

using physical laws of transformation. As can be seen, this relation is non linear. 19 to 21 

describe the material change during the rolling process where the change of thickness is 

intended. The values result from the minimal necessary transformation of 220 mm (245 mm 

thickness rolled down to 25 mm) and the optional additional transformation of up to 28,5 mm 

(250 mm rolled down to 1,5 mm) as determined by λ5. Finally 22 describes the feasible output 

thickness of the rolling mill. All unmentioned parameters between two consecutive stages 

remain unchanged and therefore have to be set as equal. For example, since the material 

thickness between oven and width compactor is unchanged, an additional constraint 

 has to be added. 

To encode a given customer ordered product, the order specification has to be set as output of 

the last stage of production (i.e. wd6, th6, l6). All feasible modes of production are modeled 

implicitly. 
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Given the introduced production system, an example will be considered. An order with the 

specifications wd=1340[mm], d=4[mm] and weight=29[to] is to be encoded. Due to physical 

interdependences, the resulting hot rolled strip has a length of l=689.229[mm]. In Figure 2 the 

results of the presented system of inequalities are given. Depicted are all feasible production 

modes (pm) for slabs to fulfill the specific order. Thus, the intermediate product between 

continuous caster and oven is determined. x and y refer to the introduced binary variables.  

and  refer to the lower resp. upper feasible width.  shows the resulting slab length 

regarding the production mode. 

In the example, all of the production modes fit different width ranges. Since a specified 

weight has to be achieved, different widths lead to different slab lengths. Furthermore, dif-

 

pm y1 y2 y3 x1 x2 x3     

1 1 0 0 0 1 0 1450 1590 10400 9483 

2 1 0 0 0 0 1 1340 1346 11253 11200 

3 0 1 0 0 1 0 1.444 1.590 10.400 9445 

4 0 1 0 0 0 1 1.340 1.341 11.207 11.200 

5 0 0 1 0 1 0 1.421 1.590 10.400 9293 

Figure 2: feasible production modes of the example customer order in the example 

production system 
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ferent ways of production allow for different width and length specifications (pm 2 vs. pm 3). 

In the following the melt design problem is formulated to incorporate the increase in 

flexibility which results from the implicit order encoding model. 

3 Melt Design Problem 

The production process in an integrated steel plant requires different approaches of production 

planning. Starting with the oven, production is executed in a discrete manner and driven by 

customer orders. Single slabs are individually transformed to the customer required product.  

At the previous stage of continuous casting, customer orders, represented by slabs, have to be 

pooled into melts. A melt results from a ladle filled with several hundred tons of a unique 

grade of steel. The fixed lot size of a melt is in general much larger than the weight of a single 

order. Furthermore, a melt has to be casted with a fixed casting width. Therefore, orders can 

only be pooled to a melt, if there is at least one casting width, which fits all width 

requirements of the assigned orders. Since the number of customer orders is constrained and 

the number of melts can be seen as unrestricted, the allocation of orders to melts can be 

modeled as bin packing problem. Given that the casting width has to be determined as well, 

the problem is alike the slab design problem (cp. Li, 2007, Dawande 2004).  

To implement the approach of production modes into planning, an extended bin packing 

problem can be formulated as follows. 

Sets and Indices 

o: orders; o = 1,..,O 

j: production modes of order o; j=1,…,PMo 

s: melts; s = 1,…,S 

Variables 

z1, z2 different objectives  

: minimum width of melt s during casting 

 upper width of melt s during casting 
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: width range of melt s 

: unassigned weight amount in melt s 

 binary decision variable; 1, if order o using production mode j is assigned 

to melt s; 0 else 

 binary decision variable; 1, if melt s is not used; 0 else 

Parameters 

: minimum slab width of order o, if built in production mode j 

 maximum slab width of order o, if built in production mode j 

: weight of order o 

: (fixed) weight of a melt 

MRange: very large number, bigger than the maximum range of a melt 

w1, w2 objective weights 

The optimization model of the melt design problem aims at two hierarchically ordered 

objectives. Thus, the objective function is multi objective (23).  

The primary objective is the minimization of surplus weight, also called scrap, over all melts 

(24). This has two major reasons: First, capacity shall be used as much as possible to fulfill 

customer orders. Any amount of surplus weight lowers the possible order specific output. 

Second, the further use of surplus casted material is difficult. Due to the huge variety of 

customer orders, an order fitting to the surplus material may be difficult to find or result in 

higher amounts of rework of casted material. 

The subordinate objective is the maximization of flexibility, in case that there are multiple 

optimal solutions with respect to the first objective (25). In continuous casting the only 

adjustable parameter for a cast, representing the flexibility, is the casting width. A melt can be 

considered as more flexible, if the range, in which this melt can be casted, is wider spread. By 

changing the casting width, the casting time of a melt can be varied. If there are parallel 

continuous casters in an integrated steel plant, the casting processes can be synchronized in 
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order to fit the needs of upstream processes like vacuum treatment or blowing in the 

converter. The range is a result of the difference between the minimum upper width and the 

maximum lower width allowed for a cast (26). Since in the model the set of available melts S 

to fulfill the given set of orders is probably bigger than needed, there may be melts with no 

order assigned. Obviously unneeded melts shall not have negative impact on the solution. 

Since the range of any unused melt results in Mrange, this amount has to be subtracted from the 

cumulated range over all melts. 

The weighting parameters w1 and w2 have to be adjusted in order to represent the hierarchical 

order of both objective functions according to a lexicographical approach.  

 (23) 

 (24) 

 (25) 

subject to 

 (26) 

 (27) 

 (28) 

 (29) 

 (30) 

 (31) 

 (32) 

 (33) 

The range of each melt is determined in constraint (26). The lower width of a melt has to be 

greater or equal than the lower width of any order assigned to a melt. (27). The upper width of 

a melt has to be smaller or equal to the upper width of any order assigned to it. If a specific 
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order and production mode is not assigned to a melt, the upper width of the melt has to be less 

or equal to the maximum width (28). Constraint (29) is used to determine the scrap of a melt. 

The scrap typically results from the difference between the lot size of a ladle and the assigned 

orders’ weights. Since in the proposed planning model not all available melts have to be used, 

the slack calculation is enhanced. Thus, the lot of a melt is only initialized, if the melt is used, 

represented by ys = 0. In case the melt is unused, the slack of a melt will be zero, since the 

capacity offered as well as the capacity used are both set to zero. Considering melts, there are 

two possibilities: On the one hand at least one order is assigned to a melt. If no order is 

assigned, the melt has to be set unused by setting ys = 1 (30). Furthermore, all orders have to 

be assigned to exactly one melt (31). The model is closed with non- negative and binary 

constraints (32, 33). 

Even though the model is based on a standard bin packing model, there are serious changes. 

First, there is the extension of the objective function. Second, there are two assignments to be 

solved in parallel: the selection of the production mode as well as the assignment of an order 

to a melt. Thus, the resulting model is an integer linear problem which is hard to solve in 

terms of optimality.  

4 Case study 

To show advantages in the planning process, the implicit order encoding model as well as the 

melt design modell was applied to a small set of real order data. The set consist of 13 

manually designed melts and 91 related customer orders.  

First, for each customer order, all feasible production modes were determined. Here, special 

software to generate and solve the implicit encoding model was used. The calculation of all 

feasible production modes of an order was done on a 2 GHz CPU with 1 GB RAM installed. 

The average time to determine all feasible modes of production for one order took about 20 

seconds. In the average, there are 4.4 production modes for each customer order, with a 

minimum of 3 and a maximum of 6 production modes per customer order. 
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In a second step, the encoded orders were applied to the melt design problem. Here, the 

proposed planning model was implemented in LINGO 11.0. It was solved on an Intel Xeon 

2,6 GHz CPU with 8 GB RAM. After more than 24 hours solving time, no feasible or optimal 

solution could be obtained for the complete set of customer orders. Thus we had to split the 

basic data to subsets of 40 customer orders. Doing so, the solving time dropped to a maximum 

of 30 minutes. To verify the model, we created several sets of up to 40 customer orders. Here, 

we chose up to 5 of the manually configured melts with all of the related customer orders as 

planning criteria. As a result of planning, the surplus weight of the resulting melts 

corresponded in most cases to the surplus weight of the manual designed melts. In case the 

surplus weights do not match, in manual planning the lot size of a melt exceeds 200 tons. Due 

to the continuous casting process, this is allowed for consecutive melts with the same alloy. 

Since melt sequences are not in the focus of the melt design planning model, this aspect of 

production opportunity is not considered in our approach by now. Nevertheless, if surplus 

weights of manual and model based solution match, the assignment of orders to melts differs 

between the model based and the manual solution. Here, the casting range of melts differs in 

order to the maximization of flexibility as second objective. However, this effect is highly 

dependent on the customer order data. Therefore, due to the small amount of test instances, a 

general conclusion regarding the gain of flexibility cannot be given. 

5 Conclusion 

In our contribution we showed disadvantages in the actual planning processes in a steel plant. 

The cause of the disadvantages is mainly the missing focus on degrees of freedom. In this 

paper an approach to determine degrees of freedom was presented. It is based on the 

definition of elemental process steps, which can be combined to represent the whole 

production system of a steel plant. Using the resulting system of inequalities, production 

modes and intermediate products can be implicitly defined. Upon the descriptive encoding 

model, this paper provided a planning approach to implement degrees of freedom of slabs into 
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the planning of melts, which is referred to as melt design problem. Results of a small case 

study on the one hand show results, which can be compared to manually determined 

solutions. On the other hand, the problem complexity, because of binary and continuous 

decision variables is high. Thus, the time to obtain planning solutions, is large as well. Future 

work will be related to the development of solving heuristics which involve the problem 

structure. 
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