A mathematical technique for the design of
near-zero-effluent batch processes
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Abstract
Wastewater minimisation in chemical processes has always been the privilege of continuous rather than batch plants. However, this situation is steadily changing, since batch plants have a tendency to generate much more toxic effluent compared to
their continuous counterparts which are usually encountered in bulk manufacturing.
Past methodologies for wastewater minimisation in batch processes have focused on operations based on mass transfer.
They do not take into consideration the reuse of wastewater as part of product formulation. Reusing wastewater in product
formulation has the major advantage of negating much of the effluent produced, thereby enabling a process to operate in an
almost zero-effluent manner.
Presented in this paper is a mathematical technique for the simultaneous design and scheduling of batch operations operating in a near-zero-effluent manner. The technique determines the number and size of the processing vessels, while ensuring
maximum water reuse in product. The technique was applied to an illustrative example, and an 80% savings in wastewater
was achieved, with a corresponding plant design that achieves the required production.
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Introduction
As freshwater sources are becoming scarcer and environmental legislation becomes more stringent on the quality of effluent discharged by industry, the need for effective techniques for
the minimisation of freshwater usage and effluent generation
becomes greater. Traditional end-of-pipe treatment methods
are not always economical at achieving the required effluent
targets. Furthermore, these methods are heavily dependent on
the effluent volumes. Process integration techniques, therefore,
provide a cost-effective means of reducing the overall volume
of effluent water generated and reduce freshwater requirements.
The essence of process integration techniques is the reduction of
water usage at source.
In the past, research in wastewater minimisation has been
focused on continuous processes (Wang and Smith, 1994; AlvaArgáez et al., 1998; Hallale, 2002). However, in the past few
years the focus has slowly shifted to include batch processes.
Whilst it is true that the volume of wastewater generated from
batch processes is generally less than that produced from continuous processes, the concentration and toxicity of contaminants
in the wastewater generated from batch processes are generally
higher. It is therefore important that wastewater minimisation is
also dealt with in batch processes.
Past methodologies for wastewater minimisation in batch
processes can roughly be divided into two groups, namely,
graphical techniques (Wang and Smith, 1995; Foo et al., 2005;
Majozi et al., 2006) and mathematical techniques (Grau et
al., 1996; Almató et al., 1997; Kim and Smith, 2004; Majozi,
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2005a;b). Graphical techniques have their roots in water pinch
analysis as applied in continuous processes and mathematical techniques have their roots in mathematical programming.
Graphical techniques have the advantage of being able to give
the process designer insights into the interaction between the
various processes in the plant. Wastewater reuse bottle-necks
are easily identifiable. The disadvantages of graphical techniques are that they are more suited to single contaminant problems and they are based on the optimal schedule being known
a priori. Mathematical techniques can, however, deal with multiple contaminant situations and can also determine the schedule
and wastewater target at the same time. They do have the disadvantage of being a black-box type approach in which case it is
difficult to identify the operations restricting wastewater reuse.
Both graphical and mathematical techniques mentioned
above are all mass transfer- based techniques, where the recycle/
reuse of wastewater is determined through the availability of the
wastewater and concentration considerations. These methodologies do not take into consideration instances where wastewater can be reused as part of product formulation. The type of
operation where this is possible often has a vessel washing step
and the products produced contain relatively large quantities of
water. The reuse of wastewater in product is beneficial, since this
type of reuse has the possibility of generating near-zero effluent
production. Furthermore, valuable product residue present in the
wastewater is reclaimed, with potentially large financial gains.
This reuse concept was used by Jewell et al. (2004) to reduce
the amount of effluent produced from a paint-manufacturing
facility. The opportunity was, however, restricted to the specific
facility studied by Jewell et al. (2004) and no formal methodology was derived to apply this type of water reuse to any other
facilities.
Gouws and Majozi (2007) derived a technique for the scheduling of operations where wastewater is reused in product formulation, i.e. in a zero-effluent mode of operation. Presented in
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