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Abstract

Optimizing the charge in secondary steel production is challenging because the chemical composition of the scrap is highly
uncertain. The uncertainty can cause a considerable risk of the scrap mix failing to satisfy the composition requirements for
the final product. In this paper, we represent the uncertainty based on fuzzy set theory and constrain the failure risk based on a
possibility measure. Consequently, the scrap charge optimization problem is modeled as a fuzzy chance constrained linear
programming problem. Since the constraints of the model mainly address the specification of the product, the crisp equivalent
of the fuzzy constraints should be less relaxed than that purely based on the concept of soft constraints. Based on the appli-
cation context we adopt a strengthened version of soft constraints to interpret fuzzy constraints and form a crisp model with
consistent and compact constraints for solution. Simulation results based on realistic data show that the failure risk can be
managed by proper combination of aspiration levels and confidence factors for defining fuzzy numbers. There is a tradeoff
between failure risk and material cost. The presented approach applies also for other scrap-based production processes.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

A general trend during the past decades is that
scrap-based steelmaking has increased its share,
reaching around 40% of global crude steel produc-
tion in 2001 (Rautaruukki, 2001). Steel is also the

world’s most important recycled material. Use of
the steel scrap as a raw material for steelmaking
results in saving 600 million tonnes of iron ore
and 200 million tonnes of coke each year (EURO-
FER, 2001). With the growing concern on environ-
mental issues, the popularity of using scrap could
further increase because scrap-based steelmaking
emits significantly less CO2 as compared with inte-
grated steelmaking using metallurgical coke as
reductant for iron-making. Undoubtedly, the use
of the scrap offers the opportunity to produce high
quality products most economically.
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There are two challenges in scrap charge
optimization:

• The constituents in scrap and steel products are
diverse. With the development of steel products
of higher grades and performance, use of steel
materials in combination with nonferrous metals
or non-metallic materials has increased. Depend-
ing on the melting process and the requirements
for the particular product, some of the constitu-
ents in scrap are considered impurities while oth-
ers are valuable additives. Therefore, it is
essential that a mix of proper kinds of scraps in
right proportions is selected for each product.

• The diverse scrap materials are generally sorted
into different classes but the materials included
in a class can be very heterogeneous. This means
that there are large deviations in material proper-
ties inside a class, sometimes larger than between
classes. Therefore, it is difficult to come up with
accurate chemical composition analyses (element
concentration) for each kind of scrap, and this
uncertainty is propagated to the scrap mix.

The scrap-based steelmaking process starts by
charging the predetermined scrap mix into an electric
arc furnace (EAF). Melting a single charge in the fur-
nace is called a heat. When the charge is melted, the
uncertainty in the chemical composition of the scrap
causes a considerable risk for the outcome failing to
satisfy the composition requirements. The objective
in scrap charge optimization is to select the most eco-
nomical scrap mix for each produced steel grade
while minimizing the failure risk caused by uncertain-
ties in raw material consistence.

There are three kinds of charge optimization
models based on the length of the planning horizon:
the single-heat model (AFS, 1986) for short-term
planning (e.g. daily operations), the multi-heat
model (Kim and Lewis, 1987) for medium-term
planning (e.g. weekly or monthly) and the product
recipe model (Lahdelma et al., 1999) for long-term
planning (yearly). Any charge plan is implemented
on single-heat basis and on-line analysis is applied
to identify whether the outcome matches the pre-
dicted characteristics and to correct the possible
bias in future predictions (Wilson et al., 2001).
However, if charging is planned using the single-
heat model, this may result in non-optimal use of
raw materials. Minimizing raw material costs in
one heat can eat up the cost-efficient raw materials
and therefore increase the costs in future heats.

The multi-heat model can allocate the available
raw materials optimally among the different heats
based on the current raw material stock and pre-
dicted deliveries. For long-term planning, it is more
convenient to use the product recipe model which
can be viewed as a model where all heats of the same
product are grouped. Therefore, the product recipe
model can be much smaller than the multi-heat
model. The long-term scrap charge plan is designed
based on forecast customer orders and possible
available raw materials. The product recipe model
can also be applicable to medium-term planning.

In terms of handling uncertainty, there are sev-
eral methods of constraining failure risks. Bliss
(1997) added safety margins to the product standard
by using a tighter product standard in optimization.
Lahdelma et al. (1999) added safety margins to the
chemical composition for scrap in optimization.
Adding safety margins can be viewed as an exten-
sion of the deterministic model to accommodate
the uncertainty. Turunen (2000) constrained the
failure risk based on stochastic chance constraints
to guarantee that the failure rate is less than a pre-
determined level (or to allow small violations in
some constraints). However, in the stochastic
chance constrained programming formulation, the
stochastic parameters are generally assumed to fol-
low the normal distribution. Based on this assump-
tion, the chance constraints can be implemented
elegantly as a non-linear deterministic model (Kall
and Wallace, 1994; Watanabe and Ellis, 1994; Kür-
sad and Gökçen, 2007). Kürsad and Gökçen (2007)
further approximated this non-linear model by a lin-
ear model. In our current problem, we represent
concentration parameters by normal distributions
where negative values are forced to be zero. When
the standard deviation of the element concentra-
tions is large in relation to the mean, the resulting
distribution will be skewed. When the stochastic
parameters do not follow the normal distribution,
some further assumptions are needed to transform
stochastic chance constraints into their deterministic
equivalent. The problem can be even more difficult
if the stochastic model includes simultaneously
chance constraints and ordinary constraints with
stochastic parameters, because handling ordinary
stochastic constraints is also complicated (Kall
and Wallace, 1994). In such situations it is easier
to handle uncertainties using fuzzy set theory (pos-
sibility theory, Zadeh, 1978).

In this paper, we formulate the scrap charge opti-
mization problem based on the product recipe
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